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Abstract
In string theory inspired models of axion-like fields, sub-leading non-perturbative effects, if suffi-
ciently large, can introduce steep cliffs and gentle plateaus onto the underlying scalar potential.
During inflation, the motion of a spectator axion σ in this potential becomes temporarily fast,
leading to exponential amplification of one helicity state of gauge fields. In this model, the axion-
gauge field sector interacts gravitationally with the inflaton, therefore the resulting sourced scalar
and tensor fluctuations are produced only through gravitational interactions. Due to the tem-
porary speeding up of σ in the cliff-like regions, the tensor and scalar correlators sourced by
the gauge fields exhibit a localized bump in momentum space corresponding to the modes that
exit the horizon while the roll of σ is significant. Thanks to the gravitational coupling of gauge
fields with the visible sector and the localized nature of particle production, this model can gen-
erate observable gravitational wave signal at CMB scales while satisfying the current limits on
scalar perturbations. The resulting gravitational wave signal breaks parity and exhibit sizeable
non-Gaussianity that can be probed by future CMB B-mode missions. Depending on the initial
conditions on σ and model parameters, the roll of the spectator axion can also generate an ob-
servably large GW signature at interferometer scales while respecting the bounds on the scalar
fluctuations from primordial black hole limits.
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1
1 Introduction
The observations on the Cosmic Microwave Background (CMB) radiation strongly suggests that
the universe went through an early phase of accelerated lifestyle called inflation [1–3]. Apart
from solving horizon, flatness and monopole problems of Hot Big Bang cosmology, it provides
an explanation for the quantum mechanical origin of large scale cosmological fluctuations that
are observed to be nearly Gaussian and adiabatic with a small red-tilt [4–6]. Another generic
prediction of the inflationary paradigm is the production of gravitational waves (GWs) which
can be probed or constrained through the B-mode polarization of the CMB. The signal is con-
ventionally parametrized by the ratio between the GW power spectrum and the scalar power
spectrum– denoted by r – which is currently restricted to r < 0.063 [7, 8]. This limit is expected
to be improved by upcoming CMB polarization measurements such as PIXIE [9], LiteBIRD [10]
and CMB-S4 [11] which aim at the ambitious sensitivity goal of σ(r) ≈ 10−3 where σ(r) denotes
uncertainty on r.
In single field models of inflation, it is often considered that a detection of primordial B-modes
of CMB fluctuations (or equivalently the primordial tensor fluctuations) would provide us the
energy scale of inflation. This direct relationship is typically expressed as
Hinf ' 2.5× 10−5
( r
0.063
)1/2
Mpl, (1.1)
which parametrizes the dependence of quantum vacuum fluctuations of the metric on the ex-
pansion rate Hinf during inflation or equivalently its energy scale Einf = (3H
2
infM
2
pl)
1/4. This
relation alone makes the measurement B-modes an important scientific objective of current and
upcoming CMB probes [12] and therefore, it is important to reconsider the validity and scope of
(1.1). In principle, since GWs can be produced by any energetically viable contribution to the
energy momentum tensor, it is possible to invalidate this result by simply considering additional
sources of GWs on the right hand side of (1.1) with a different parametric dependence on Hinf .
For example, this can be achieved by additional field configurations that are not in their vacuum
state [13, 14].
However, introducing additional sources of GWs comes with a price: the sector that sources
GWs also interacts with the scalar perturbations at least gravitationally or stronger in the case
where the sources are directly coupled to the sector responsible for the generation of density
perturbations. This situation in general results with a decrease in the observed value of r or
leads to large non-gaussian statistics for the scalar fluctuations especially if we insist on a large
tensor power spectrum that is dominated by the secondary sources [15–17].
An efficient mechanism1 that can generate observable GWs from secondary sources make use
of motion of the rolling scalar field X (either an inflaton or a spectator scalar) to amplify abelian
gauge fields, which in turn act as a source for GWs. In this context, a natural candidate for
1Other scenarios that can generate observable GWs during inflation include the amplification of chiral tensor
modes in inflationary models with non-abelian gauge fields [18–24], amplification of tensor modes by spectator
fields [25–27], modification of tensor dispersion relation [28, 29], varying sound speed of tensor fluctuations [30, 31],
breaking of space diffeomorphisms in the effective field theory approach to inflation [32] and transient non-attractor
phase(s) during inflation [33, 34]. Another mechanism that can lead observable GWs has been studied in [35–37]
where a rolling dilaton field coupled to gauge fields through f(σ)F 2 [38] is considered.
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the sector X is thus an axion-like field because i) due to their approximate shift symmetry [39]
axions are light and thus can roll a significant amount of time during inflation ii) as a result of
the shift symmetry, they are naturally expected to couple to gauge fields through a dimension
five operator2:
Lint = αc
4f
XFF˜ , (1.2)
where F is gauge field field-strength tensor, F˜ is its dual and αc/f controls the size of the coupling
with X, f being the axion decay constant. The coupling (1.2) with X leads to an exponential
enhancement in gauge field fluctuations, giving rise to inflationary dynamics with a rich set
of phenomenological consequences including, inflation on a steep potential [44], magnetogenesis
during inflation [45–49], large scalar [15, 50], tensor [51, 52] and mixed [53, 54] non-Gaussianity,
parity violation in the CMB [19, 55, 56], at interferometers [57] and production of primordial
black holes [58–60].
In the presence of the coupling in (1.2), the level of sourced scalar fluctuations with respect
to the GWs can be minimized by identifying the sector X as a hidden scalar sector, X = σ,
that only interacts gravitationally with inflaton, thus reducing the effects of the sources to a level
consistent with observations [16, 61, 62]. However, even in this case, it was found that the mass
mixing between φ and σ, which is active as far as σ˙ rolls at the background level, generates a
channel that feeds into the scalar correlators due to the conversion of spectator fluctuations δσ
to the inflation fluctuations δφ through the process: δA+ δA→ δσ → δφ [63]. The amplitude of
δφ fluctuations sourced through this channel is proportional to number of e-folds during which σ
is rolling. As a result, in order to avoid excess power in the scalar correlators, the spectator field
σ should roll no more than several e-folds in order to simultaneously grant for observable tensors
at the level of r . 10−3 and scalar fluctuations consistent with CMB observations [64].
In [65, 66], a model of a spectator axion-like field that rolls over its standard cosine potential,
Vσ(σ) ∝ Λ4 (cos(σ/f) + 1) is considered. In this model, the shape of the potential allows for
a very small velocity σ˙ at early and late times, i.e. when σ is close to maximum (σ = 0) and
minimum (σ = pif) of its potential, whereas at an intermediate time, the velocity of σ transiently
increases. This, in turn, generates a scale dependent scalar fluctuations where δφ fluctuations are
sourced only for modes that leave the horizon when σ˙ 6= 0. It was shown in [65] if the peak of this
signal (i.e. when σ˙ is maximal) occurs on scales corresponding to the multipoles with l < 100,
the restrictions on the sourced scalar component can be more easily evaded as the constraints
on scalar non-Gaussianity are relatively for l . 100. In this way, it was shown that it is possible
to generate an observable GW signal while keeping the production of the inflaton fluctuations
under control.
In this work, we propose an alternative mechanism that is capable of producing observable
GWs at CMB and interferometer scales keeping scalar fluctuations at observationally viable levels.
In particular, we consider a string-inspired model where the spectator scalar σ is identified with
a non-compact axion field, e.g. axion monodromy [67–69]. In this framework, discrete shift
2Shift symmetric scalars can also couple to fermions through dimension five operators. See [40–43] for the
phenomenological consequences of such coupling during inflation.
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symmetry of the axion is broken by a non-periodic term in its potential:
Vσ(σ) = µf
√1 + (σ
f
)2
− 1
+ Λ4 [1− cos(σ
f
)]
, (1.3)
where we arranged the first term above to account for the era when the field rolls to its global
minimum at σ = 0. The potential (1.3) features characteristic axionic oscillations with a period
f−1, superimposed on the monodromic term∝ µσ for large σ/f . When the size of the modulations
are large enough, i.e. Λ4 ∼ µf , the second term in (1.3), being sub-leading but considerable,
introduces plateau-like regions in the potential connected by steep cliffs (See e.g. Figure 1). In
each of the step like feature in the potential, as the field rolls through plateau regions, the field
velocity σ˙ is very small. The velocity σ˙ has a peak between the plateaus when σ rolls over the
cliff like regions. The amount of e-folds where σ˙ significantly differs from zero is roughly given
by O(H2f/µ) where µ/f is roughly the mass of the σ in its global minimum. Therefore, at each
of the step like features in its bumpy potential (i.e. (1.3) with Λ4 ∼ µf), this situation give rise
to the desired evolution for the spectator axion to generate observable GWs while keeping the
level of scalar fluctuations small with respect to the limits imposed by cosmological data.
The number of cliff like regions the spectator axion traverses depends on the initial conditions
as well as the model parameters, {µ, f,Λ}. Focusing on a representative choice of parameters and
initial conditions, we will first present an example for which sourced tensor modes dominates over
the vacuum ones at large scales (see Section 4.1.1), leading to observable GWs that are parity
breaking and significantly non-Guassian at CMB scales. Secondly, we will show that the motion
of σ on the potential (1.3) can also give rise to scenarios where observable GWs at interferometer
scales can be generated (See Section 4.2). Therefore the model we consider in this work represent
one of the few existing examples in the literature that have an observationally viable parameter
space for the generation of GWs of non-vacuum origin across a wide range of cosmological scales.
This work is organized as follows. In Section 2, we describe the model, the background
evolution and the resulting gauge field production. In Section 3, we study the dynamics of
cosmological fluctuations in the presence of gauge field sources. In Section 4, we present our results
on cosmological correlators and discuss their phenomenology at CMB and interferometer scales.
In Section 5 we close with our conclusions. This work is supplemented with four appendices. In
Appendix A, we present the details on the background evolution of σ and compute the resulting
gauge field mode functions in the WKB approximation. In Appendix B and C, we provide details
on the computation of tensor and scalar correlators, respectively. In Appendix D, we consider
backreaction effects and the resulting restrictions imposed on the model.
Notation and conventions. We will use natural units, ~ = c = 1, with reduced Planck mass
M2pl = (8piG)
−1. Our metric signature is mostly plus sign (−,+,+,+). Greek indices stand for
space-time coordinates, while Latin indices denote spatial coordinates. Overdots and primes on
time dependent quantities will denote derivatives with respect to coordinate time t and conformal
time τ , respectively. During inflation, we take a(τ) = 1/(−Hτ) with H is the physical Hubble
rate.
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2 The model
We consider the model described by the following matter Lagrangian [16],
L√−g =
M2plR
2
− 1
2
(∂φ)2 − Vφ(φ)︸ ︷︷ ︸
Inflaton Sector
− 1
2
(∂σ)2 − Vσ(σ)− 1
4
FµνF
µν − αcσ
4f
FµνF˜
µν ,︸ ︷︷ ︸
Hidden Sector
(2.1)
where R is the Ricci curvature, φ is the inflaton and the hidden sector includes the scalar
σ, the gauge field Aµ and their interaction through the Chern-Simons term with its strength
parametrized by the axion decay constant f and the dimensionless number αc. In (2.1), Vφ(φ)
and Vσ(σ) are the potential of the inflaton and σ, whereas the gauge field strength tensor and its
dual are defined by Fµν = ∂µAν − ∂νAµ and F˜µν ≡ ηµνρσFρσ/(2√−g) where alternating symbol
ηµνρσ is 1 for even permutation of its indices, −1 for odd permutations, and zero otherwise.
2.1 Background evolution
As already implied by the Lagrangian in (2.1), we consider a setup two sectors only interact
gravitationally and where the background energy density is dominated by the inflaton sector φ
and the axion σ is a spectator: i.e. ρσ  ρφ where ρX = X˙2/2 + VX with X = {φ, σ}. During
inflation, assuming negligible back-reaction (See e.g. Appendix D) from the gauge fields, this
implies that
3H2M2pl = ρφ + ρσ −→ 3H2M2pl ' Vφ(φ). (2.2)
Moreover, we will assume that the inflaton’s potential Vφ(φ) is very flat, such that we can treat
Hubble rate as constant, i.e. during the scales where the signal is generated through rolling σ.
2.1.1 Bumpy regime for the spectator axion
In the hidden axion sector σ, we consider a scenario that is based on an earlier observation of how
sub-leading, non-perturbative effects can alter the dynamics of axions [70, 71]. In low energy effec-
tive descriptions of string theory, the perturbative axion shift symmetry is broken spontaneously
by background vevs (e.g. fluxes) or non-perturbative effects (e.g. string instantons), leading
to large field inflation models with monomial [68, 69] or cosine (“natural inflation”) potentials
[39]. As noted earlier in [70, 71], the sub-leading non-perturbative corrections – if sufficiently
large – can superimpose oscillations onto the underlying potential. The size of these effects will
depend on the vev’s of fluxes and other moduli, which are already stabilised. Therefore, they
may be small, large enough to introduce new local minima and maxima into the potential, or
anything in between. For concreteness, for the spectator scalar sector, we consider a model of
axion monodromy with the potential3 given in (1.3).
The background dynamics of the spectator axion depends on the size of the non-perturbative
corrections compared to the term proportional to µf in the potential (1.3), in particular on the
ratio β = Λ4/(µf). In the limit β → 0, non-perturbative corrections become negligible and
we recover the usual smooth potential which interpolates between a linear Vσ ∝ σ behavior for
σ/f  1 and the standard quadratic behavior around its global minimum (σ = 0) Vσ ∝ σ2. For
3Potentials that shares similar features that we consider in this work can be found in [72–74].
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Figure 1. The potential Vσ and its slope V
′
σ for β = 0.95 (Orange) and β = 0 (black-dashed).
β > 1 however, one may introduce a large number4 of new stationary points (where V ′σ = 0) into
the smooth potential for a given range of field values. In this case, the classically rolling scalar
field might eventually stuck in one of the minima depending on the initial conditions [75]. In this
work, we would like to focus on the regime where non-perturbative effects in the scalar potential
Vσ are sizeable but subdominant, β < 1, without assuming β  1.
To illustrate the general shape of the potential in the regime of interest, we plot the Vσ(σ) in
(1.3) and its slope for β = 0.95 in Figure 1. Notice that as we advertised before, the potential
exhibit plateau like regions followed by steep cliffs parametrized by large slopes V ′σ/µ > 1. In
such a potential, an initially displaced σ rolls down in its wiggly potential, passing through the
steep cliffs followed by flat plateaus to eventually settle on its global minimum at σ = 0. However,
aiming to understand the gauge field production and its subsequent sourcing of GWs, it is enough
to consider the evolution of σ within a single bump including a flat plateau followed by a cliff and
again a plateau region. Indeed, the structure of the potential admits a simple analytic solution
for the background evolution of the field during inflation within a single bump which we turn
now 5.
Background evolution. In the slow-roll approximation σ¨  3Hσ˙, a simple analytical
expression for the field profile σ can be obtained within each bump –including two plateau regions
separated by a cliff– of the potential shown in Figure 1:
σ˙
2Hf
= − δ
1 + ln [(τ/τ∗)δ]
2 , (2.3)
where we define the dimensionless parameter δ ≡ (1 + β)(µ/6H2f) with a constant Hubble rate
H. As we show in detail in Appendix A, to ensure the validity of slow-roll solution (2.3), we
require δ < 1. In (2.3), τ∗ denotes the conformal time when σ˙ in (2.3) reaches its peak value,
i.e. when σ rolls over the cliff regions in its potential. Through the last term in the Lagrangian
(2.1), the rolling of σ provides a time dependent background for the gauge field and amplifies
its vacuum fluctuations. During inflation, this phenomenon is controlled by the dimensionless
4In fact, the number of extremum is approximately proportional to the value of β.
5Details on the background evolution of σ is presented in Appendix A.
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effective coupling
ξ = − αcσ˙
2Hf
, (2.4)
which must be larger than unity in order to give rise to efficient particle production in the gauge
field sector. Using (2.3) in (2.4), within each bump of the potential, ξ 6 is therefore given by
ξ(τ) ≡ − αcσ˙
2Hf
=
αc δ
1 + ln [(τ/τ∗)δ]
2 . (2.5)
As we will discuss explicitly in the next section, ξ act as an effective mass in the equation of
motion of vector fields, leading to the amplification of one of the helicity of modes of the gauge
quanta.
2.2 Gauge Field Production
The equation of motion for the gauge field can be obtained by varying the action in (2.1). In
Coulomb gauge (A0 = 0), we have
A′′i − ~∇2Ai −
αca(τ)σ˙
f
ijk ∂jAk = 0. (2.6)
We decompose the gauge field Ai in terms of the annihilation and creation operators in the usual
way,
Aˆi(τ, ~x) =
∫
d3k
(2pi)3/2
ei
~k.~x
∑
λ=±
λi (
~k)
[
Aλ(τ,~k)aˆλ(~k) +A
∗
λ(τ,−~k)aˆ†λ(−~k)
]
, (2.7)
where the helicity vectors obey ki
±
i = 0, ijk kj 
±
k = ∓ik±i , ±i ±i = 0, ±i ∓i = 1 and (λi (~k))∗ =
λi (−~k) = −λi (~k).
The annihilation/creation operators satisfy[
aˆλ(~k), aˆ
†
λ′(
~k′)
]
= δλλ′ δ(~k − ~k′). (2.8)
Plugging the decomposition in (2.7) into (2.6), the mode functions Aλ can be shown to obey
A′′±(x) +
(
1± 2ξ
x
)
A±(x) = 0, (2.9)
where we defined −kτ = x. As one can realize from (2.5) and (2.9), rolling of the spectator
scalar σ (σ˙ 6= 0) generates a time dependent mass for vector fields. Noting the conventions we
follow σ˙ < 0 or ξ > 0, this implies that only negative helicity modes A− will exhibit tachyonic
instability for modes satisfying −kτ < 2ξ. For constant ξ, equation (2.9) can be solved exactly
and is studied extensively in the literature before [44]. In this work, we will focus on the case
where ξ evolves significantly as the spectator pseudo-scalar rolls through the cliffs before reaching
on to the plateau regions in its scalar potential. At these times, the value of the ξ will be maximal,
increasing the efficiency of the instability as the tachyonic mass becomes maximal as well. In
6Note the minus sign difference in the definition of ξ compared to the literature [44, 55]. However, this is just
a matter of conventions. In this work, we work in a model where σ˙ < 0 and so ξ > 0.
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particular, we will work in the regime where ξ evolves close to the non-adiabatic limit 7,
ξ˙
ξH
=
σ¨
σ˙H
− H˙
H2
∼ O(1). (2.10)
Using (2.5) in (2.9), we therefore need to solve the following equation:
d2A±
dx2
+
(
1± 2
x
ξ∗
1 + ln [(x∗/x)δ]
2
)
A± = 0, (2.11)
where ξ∗ = αcδ. In the rest of this work, we will only focus on negative helicity modes as they
are dominant compared to the positive helicity modes in the conventions we are working.
For a general δ, ξ∗ and x∗, it is not possible to find a closed form solution for eq. (2.11).
However, we found that the growing mode of the vector field mode functions A−(τ, k) can be
captured very well by the following expressions at late times (See Appendix A):
A−(τ, k) '
[ −τ
8kξ(τ)
]1/4
A˜(τ, k), A′−(τ, k) '
[
kξ(τ)
−2τ
]1/4
A˜(τ, k), (2.12)
where
A˜(τ, k) = N(ξ∗, x∗, δ) exp
[
−2
√
2ξ∗ (−kτ)1/2
δ| ln(τ/τ∗)|
]
, τ/τ∗ < 1 (2.13)
and we defined x∗ = −kτ∗ with τ∗ = −(a∗H)−1 denoting the time at which ξ reaches its peak
value ξ∗ while σ rolls through the cliffs. In (2.13), the time independent normalization factor
N(ξ∗, x∗, δ) captures the dependence of the mode function amplitude on the background model
parameters ξ, x∗, δ at late times. In this work, we will determine N(ξ∗, x∗, δ) by matching A− in
(2.12) to the full numerical solution of (2.9) at late times, −kτ  1. We choose the arbitrary
initial phase factor of A− to ensure that N(ξ∗, x∗, δ) is real and positive. In this case, the
decomposition for gauge field in (2.7) becomes
Aˆi(τ, ~x) '
∫
d3k
(2pi)3/2
ei
~k.~x−i (~k)A−(τ,~k)
[
aˆ−(~k) + aˆ
†
−(−~k)
]
, (2.14)
where A−(τ, k) is given by (2.12) and (2.13). In analogy with Standard Model gauge fields, we
also define “Electric” and “Magnetic” fields in terms of the auxiliary potential Ai as
Eˆi = − 1
a2
Aˆ′i, Bˆi =
1
a2
ijk ∂jAˆk. (2.15)
For future reference, here we note Fourier transforms of ~E and ~B fields that appear as sources for
scalar and tensor fluctuations (See Section 3). Using (2.7), (2.12) and the definitions in (2.15),
7We note that this situation does not immediately imply strong violation of the slow-roll condition, σ¨  3Hσ˙
for σ. This is because (2.10) differs from the latter by a factor of three, in the constant H regime in which we are
operating. See Appendix A for more details on the slow-roll approximation.
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these expressions are given by
Eˆi(τ,~k) = −(Hτ)2
√
k
2
−i (~k)
(
2ξ(τ)
−kτ
)1/4
A˜(τ, k)
[
aˆ−(~k) + aˆ
†
−(−~k)
]
,
Bˆi(τ,~k) = −(Hτ)2
√
k
2
−i (~k)
( −kτ
2ξ(τ)
)1/4
A˜(τ, k)
[
aˆ−(~k) + aˆ
†
−(−~k)
]
. (2.16)
3 Dynamics of primordial fluctuations
The gravitational coupling between the inflaton and the hidden sector fields (σ and Ai) induces
source terms in the equation of motion of the inflaton fluctuations. We therefore expect to have
additional contributions to the curvature perturbation besides those due to vacuum fluctuations.
Moreover, gauge fields inevitably couple to the metric and give rise to secondary contributions to
tensor fluctuations in addition to those generated by quantum vacuum fluctuations of the metric.
In this section, we will therefore analyse the dynamics of scalar and the tensor fluctuations in the
presence of vector field amplification we studied in the previous section.
In the spatially flat gauge, we first note the metric in the ADM form as
ds2 = a2(τ)
{
−N2dτ2 +
(
δij + hˆij(τ, ~x)
) (
dxi +N idτ
) (
dxj +N jdτ
)}
, (3.1)
where N(τ, ~x) = 1+δN(τ, ~x) and N i(τ, ~x) are non-dynamical lapse and shift function respectively.
In terms of its canonical mode functions Qˆλ, we decompose the metric as
hˆij(τ, ~x) =
2
Mpl
∫
d3k
(2pi)3/2
ei
~k.~x
∑
λ=±
Π∗ij,λ(~k)
Qˆλ(τ,~k)
a(τ)
, (3.2)
where hˆij is the transverse, ∂ihˆij = 0 and traceless, hˆii = 0 metric perturbation and the polariza-
tion operators are defined as Π∗ij,± = 
±
i (
~k)±j (~k), Πij,± = 
∓
i (
~k)∓j (~k), satisfying Π
∗
ij,λΠij,λ′ = δλλ′ .
Besides two physical tensor modes, the Lagrangian (2.1) contains two scalar dynamical variables.
To linear order in perturbations, we decompose these fluctuations as
φˆ(τ, ~x) = φ(τ) +
∫
d3k
(2pi)3/2
ei
~k·~x Qˆφ(τ,~k)
a(τ)
, (3.3)
σˆ(τ, ~x) = σ(τ) +
∫
d3k
(2pi)3/2
ei
~k·~x Qˆσ(τ,~k)
a(τ)
, (3.4)
where we switched to conformal time dτ = dt/a and defined the canonical variables Qˆb ≡
a(δφ, δσ)T . Using the metric (3.1) and the decompositions in (3.3) in the Lagrangian (2.1),
one can solve for the lapse and shift functions in terms of the dynamical scalar modes (See
e.g. [50, 64]). In this way, we found that the action for physical scalar fluctuations Qˆb is given by
S
[
Qˆφ, Qˆσ
]
=
1
2
∫
dτd3k
{
Qˆ′Ta Qˆ
′
a − QˆTa
[
k2 δab +M
2
ab
]
Qˆb + 2Qˆ
T
a Jˆa(τ,
~k)
}
, (3.5)
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where M2ab is the effective mass term for canonical fluctuations, including mass mixing between
Qˆφ and Qˆσ. In terms of slow-roll parameters and the derivatives of the total potential V (φ, σ) =
Vφ + Vσ, it is given by
M2ab = −(aH)2
[
(2− )δab − (3− ) 2√ab − V,ab
H2
−
(√
2aV,b +
√
2bV,a
H2Mpl
)]
, (3.6)
where  = φ + σ, b ≡ ϕ˙2b/(2H2M2pl) and V,b ≡ ∂V/∂ϕb with ϕb = (φ, σ)T . On the other hand,
the source term that is induced by the presence of gauge fields is given by Jˆa ' (0, Jˆσ(τ,~k))T 8
where
Jˆσ(τ,~k) ≡ αca(τ)
3
f
∫
d3x
(2pi)3/2
e−i~k·~x Eˆi(τ, ~x)Bˆi(τ, ~x). (3.7)
Similarly, for each polarization, tensor fluctuations Qλ has
S
[
Qˆλ
]
=
1
2
∫
dτd3k
{
Qˆ′λQˆ
′
λ −
[
k2 − a
′′(τ)
a(τ)
]
Qˆ2λ + 2Qˆλ Jˆλ(τ,
~k)
}
, (3.8)
where the source induced by gauge fields given by the following Fourier transform
Jˆλ(τ,~k) ≡ −a(τ)
3
Mpl
Πij,λ(~k)
∫
d3x
(2pi)3/2
e−i~k.~x
[
Eˆi(τ, ~x)Eˆj(τ, ~x) + Bˆi(τ, ~x)Bˆj(τ, ~x)
]
. (3.9)
Next, we will study the scalar and tensor modes in the presence of vector modes sources, i.e. Jˆφ
and Jˆλ. For the clarity of the presentation, we will discuss each case separately in the following
Subsections 3.1 and 3.2.
3.1 Scalar Fluctuations
Defining the second slow-roll parameter by ηb = M
2
plV,bb/V , the total mass matrix, M
2
ab can be
written as
M2ab ' −
1
τ2
(
2 + 9φ + 3σ − 3ηφ 6√φσ
6
√
φσ 2 + 9σ + 3φ − 3ησ
)
, (3.10)
where we kept terms at leading order in slow-roll parameters. Therefore, using (3.10) and (3.5),
at leading order in the slow-roll expansion9, the equation of motion for the canonical scalar
8Through the gravitational interactions, both fluctuations Qˆφ and Qˆσ obtain Planck suppressed couplings to
the gauge fields and may in principle receive contributions of δA + δA → δφ and δA + δA → δσ type. However,
as shown in [16, 64], these contributions are negligible compared to the process of δA + δA → δσ → δφ we are
considering in this work.
9In (3.11) and (3.12), we neglect contributions that can be induced by relatively large values of slow-roll
parameters σ and ησ, i.e. at times when σ rolls through the cliffs in its potential. As explained in [65] the effects
induced by these terms on the observable mode Qˆφ can be minimized by considering a small mixing between Qˆσ
and Qˆφ, i.e. φ  1 as we focus in this work. Note that in this case, any effects induced by the time dependence of
σ and ησ can only influence the unobservable Qˆσ mode. It would be interesting to study scenarios where strong
violation of slow-roll conditions exist together with the features that might arise for Qˆφ in this case.
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fluctuations read as(
∂2
∂τ2
+ k2 − 2
τ2
)
Qˆφ ' 6
τ2
√
φσ Qˆσ (3.11)(
∂2
∂τ2
+ k2 − 2
τ2
)
Qˆσ ' αca(τ)
3
f
∫
d3p
(2pi)3/2
Eˆi(τ,~k − ~p) Bˆi(τ, ~p). (3.12)
In the following, we focus on the production of δσ from the gauge field and its subsequent sourcing
of δφ, namely the process δA+ δA→ δσ → δφ. In spatially flat gauge, we will use the following
relation between the curvature perturbation and the inflaton fluctuations to compute the scalar
cosmological correlators 10 :
Rˆ(τ,~k) ' H
φ˙
δφˆ(τ,~k) ' Hτ√
2φMpl
Qˆφ(τ,~k). (3.13)
In order to solve for uˆφ we split it into its uncorrelated vacuum and sourced part, Qˆφ = Qˆ
(v)
φ +Qˆ
(s)
φ
where Qˆ
(v)
φ and Qˆ
(s)
φ are the homogeneous and particular solution of eq. (3.11), respectively. The
vacuum part can be decomposed as Qˆ
(v)
φ (τ,
~k) = Q
(v)
φ (τ, k) a(
~k) + Q
(v) ∗
φ (τ, k) a
†(−~k) where the
solution that reduces to Bunch-Davies vacuum in the far past −kτ  1 is given by
Q
(v)
φ (τ, k) =
e−ikτ√
2k
(
1− i
kτ
)
. (3.14)
On the other hand, the solution to the sourced part Qˆ
(s)
φ (τ, k) can be found by first solving eq.
(3.12) and then plugging the resulting solution as a source in the eq. (3.11), i.e.
Qˆ
(s)
φ (τ, k) = 6
√
φ
∫
dτ ′Gk
(
τ, τ ′
) √σ (τ ′)
τ ′2
∫
dτ ′′Gk
(
τ ′, τ ′′
)
Jˆσ
(
τ ′′,~k
)
, (3.15)
where Gk(τ, τ
′) is the retarded Green’s function for the operator ∂2τ + k2 − 2/τ2:
Gk
(
τ, τ ′
)
= Θ
(
τ − τ ′) pi
2
√
ττ ′
[
J3/2(−kτ)Y3/2
(−kτ ′)− Y3/2(−kτ)J3/2 (−kτ ′)] , (3.16)
where Jν and Yν denote Bessel functions of real argument. In Appendix D, we will compute in
detail the scalar correlators that arise in the presence of the sourced contribution in (3.15).
10We note that in a general two field model, curvature perturbation is written as a superposition of both scalar
fluctuations, R ∝ φ˙uˆφ + σ˙uˆσ. In our model, the motion of σ is only significant around the cliffs of the potential,
reaching to very small velocities in the plateau regions, i.e. σ˙ → 0 (see Appendix A). Independent of how many
bumpy regions σ probes during its evolution, we will have σ˙ → 0 much before the end of inflation, allowing us to
neglect the term proportional to uσ in R at late times. The dominant observable effect of δσ is therefore through
the process δA+ δA→ δσ → δφ which we study in this work. Note that the latter process is effective only for the
regions of the potential (1.3) where σ˙ is sufficiently differ from 0 (i.e. when σ rolls down the cliffs).
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3.2 Tensor Fluctuations
To study the effects of gauge field amplification on the tensor power spectrum, we focus on the
equation of canonical mode function Qλ which can be derived from (3.8) as(
∂2τ + k
2 − 2
τ2
)
Qˆλ(τ,~k) = Jˆλ(τ,~k). (3.17)
Using the Fourier decomposition of ~E and ~B fields, the source term (see e.g. (3.9)) can be written
as a convolution in momentum space
Jˆλ(τ,~k) = −a
3(τ)
Mpl
Πij,λ(~k)
∫
d3p
(2pi)3/2
[
Eˆi(τ,~k − ~p)Eˆj(τ, ~p) + Bˆi(τ,~k − ~p)Bˆj(τ, ~p)
]
. (3.18)
Similar to the case with scalar fluctuations, equations of motion for Qˆλ in (3.17) is solved by
separating Qˆλ into a vacuum mode, Qˆ
(v)
λ , i.e. solution to the homogeneous part of (3.17) and the
sourced mode Qˆ
(s)
λ . Assuming, a ' −1/(Hτ), the vacuum mode is given by
Qˆ
(v)
λ (τ,
~k) = Qλ(τ, k) aˆλ(~k) +Q
∗
λ(τ, k) aˆ
†
λ(−~k),
Qλ(τ, k) =
e−ikτ√
2k
(
1− i
kτ
)
, (3.19)
where aˆ†λ creates a graviton with helicity 2λ. On the other hand, the sourced contribution can
be written formally as
Qˆ
(s)
λ (τ,
~k) =
∫ τ
dτ ′ Gk(τ, τ ′) Jˆλ(τ ′,~k), (3.20)
where the retarded Green’s function in this case is also given by (3.16).
4 Phenomenology of Cosmological Correlators
The roll of the spectator scalar σ through the cliffs of its wiggly potential (where σ˙ 6= 0) produces
gauge field fluctuations that can be considered as a source of σ, inflaton and metric fluctuations
through the corresponding inverse decay proceses: δA+ δA→ δσ, δA+ δA→ δφ and δA+ δA→
hλ. Assuming no direct coupling between σ and φ sector (see e.g. eq. (2.1)), δA+δA→ δφ channel
is Planck suppressed and negligible compared to the GW production [16, 64]. On the other hand,
we consider a model where the spectator σ reaches its global minimum at σ = 0 sufficiently
before inflation terminates. As σ sector already has a negligible energy density during inflation
due to its spectator nature, this situation ensures that σ sector has a completely negligible energy
density at the reheating surface both at the background and fluctuations level, allowing us to
relate the comoving curvature perturbation with inflaton perturbations as in eq. (3.13). In the
model under consideration, σ fluctuations are therefore only relevant as far as kinetic energy
of σ (∝ σ) is sufficiently different from zero to induce sufficient mass mixing (see eq. (3.11))
with inflaton fluctuations, resulting with a conversion of δσ into δφ. This implies that the main
channel that can influence scalar correlators is δA + δA → δσ → δφ, which is what we focus in
Section 3.1.
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Building upon our discussion on the sourced scalar and tensor perturbations in the previous
section, we calculated cosmological correlators of curvature perturbation R and metric perturba-
tion hλ in Appendix C and D. In the following subsection we present our results and study their
phenomenological implications.
4.1 Scalar and tensor correlators
The total power spectrum and bispectrum of tensor and scalar curvature perturbation are defined
as in (B.11), (B.18), (C.8) and (C.13). All the cosmological correlators in this model can be
written as a superposition of uncorrelated vacuum and sourced parts as we discussed in the
previous section. Therefore, for power and bispectra, we have
PR(k) = P(v)R (k) + P(s)R (k), Pλ(k) = P(v)λ (k) + P(s)λ (k),
BR(k) = B(v)R (k) + B(s)R (k), Bλ1λ2λ3(k) = B(v)λ1λ2λ3(k) + B
(s)
λ1λ2λ3
(k). (4.1)
The scalar and tensor vacuum bispectrum is below the present observational limits [76, 77],
and thus only sourced modes are of our interest, B(v)R → 0, B(v)λ1λ2λ3 → 0. In contrast to the
vacuum fluctuations of the metric, only − of the helicity of sourced metric fluctuations are
amplified significantly in the presence of vector field sources, making only P(s)− contribution
relevant. Similarly, due to the parity violating nature of gauge field production, B(s)−−− will
appear as the dominant contribution to the tensor non-Gaussianity.
At leading order in slow-roll the vacuum power spectrum of scalar and tensor fluctuations are
given by
P(v)R (k) =
H2
8pi2φM
2
pl
, P(v)λ (k) =
H2
pi2M2pl
, (4.2)
implying the standard relation for the vacuum tensor to scalar ratio rv = 16φ.
All the non-standard features of scalar and tensor perturbations are encoded in the modes
sourced by vector fields, namely P(s)R ,P(−)λ ,B(s)R and B(s)−−−. In the model we are considering, as
σ traverses the step like regions in its wiggly potential (see Figure 1), the effective coupling ξ
(2.5) (between vector fields and σ) obtains a bump in time direction. The modes that crosses the
horizon around the time where ξ reaches its peak value, the gauge field production is maximal
(see eq. (2.9)), being localized in momentum space. For the correlators of R(s) and h(s)λ sourced
by the vector fields, this directly translates into a localized bump in momentum space. The height
of this scale dependent signal depends on the maximum value ξ∗ achieved by ξ whereas the width
depends on the number of e-folds, σ˙ significantly differs from zero, ∆N ' δ−1, implying its
dependence on the parameter δ. For larger δ, |σ˙| will reach its maximum faster before it reduces
to very small values in the plateau regions in the potential. This implies that, fewer k modes of
gauge fields will be influenced by the roll of σ, reducing the width of the bump in the cosmological
correlators.
In light of the discussion above, the sourced power spectra and bispectra obtains the following
functional dependence on the model parameters,
P(s)R (k) =
[
φP(v)R (k)
]2
f2,R
(
ξ∗,
k
k∗
, δ
)
,
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{i, j} ln(|f ci,j |) ' xci,j ' σi,j '
{2,R} −15.13 + 10.09 ξ∗ + 0.0389 ξ2∗ 6.63− 0.403 ξ∗ + 0.0856 ξ2∗ 0.89− 0.101 ξ∗ + 0.0066 ξ2∗
{2,−} −14.78 + 9.91 ξ∗ + 0.0487 ξ2∗ 7.78− 0.166 ξ∗ + 0.0992 ξ2∗ 0.83− 0.110 ξ∗ + 0.0070 ξ2∗
{2,+} −21.01 + 9.94 ξ∗ + 0.0469 ξ2∗ 3.16 + 0.003 ξ∗ + 0.0401 ξ2∗ 0.91− 0.091 ξ∗ + 0.0061 ξ2∗
{3,R} −19.03 + 15.18 ξ∗ + 0.0561 ξ2∗ 6.21− 0.377 ξ∗ − 0.0814 ξ2∗ 0.68− 0.086 ξ∗ + 0.0055 ξ2∗
{3,−} −20.81 + 14.83 ξ∗ + 0.0773 ξ2∗ 7.43− 0.209 ξ∗ + 0.0996 ξ2∗ 0.67− 0.095 ξ∗ + 0.0061 ξ2∗
Table 1. ξ∗ dependence of the height f ci,j , location x
c
i,j and width σi,j of (4.4) for δ = 0.3. Among the
entries shown, only {3.−} has a negative sign.
P(s)λ (k) =
[
φP(v)R (k)
]2
f2,λ
(
ξ∗,
k
k∗
, δ
)
,
B(s)R (k1, k2, k3) =
[
φP(v)R (k)
]3
k21k
2
2k
2
3
f3,R
(
ξ∗,
k1
k∗
,
k2
k∗
,
k3
k∗
, δ
)
B(s)λλλ(k1, k2, k3) =
[
φP(v)R (k)
]3
k21k
2
2k
2
3
f3,λ
(
ξ∗,
k1
k∗
,
k2
k∗
,
k3
k∗
, δ
)
, (4.3)
where the dimensionless functions fi,j with i = 2, 3 and j = {R,+,−} at the right hand
parametrizes the dependence of the sourced correlators on the model parameters and describes all
non-standard phenomenology in this model in accord with our discussion above (See Appendix
C and D). The functions f3,j encode the full dependence of the bispectrum on the external mo-
menta ki, i = 1, 2, 3. Similar in spirit to the model considered in [65] where a localized bump in
the cosmological correlators present, we studied the shape of the scalar and tensor bispectrum
using the formulas we derived in (B.23) and (C.20). In this way, we found that both bispectra
can be approximated by an equilateral shape when the signal is maximal (i.e. at ki = O(1)k∗).
In addition to the 2-pt functions, in this work we will therefore study phenomenology of 3-pt
correlators by focusing on the functions f3,j for equal momenta.
By studying the integrals defined in Appendix C and D for fixed ξ∗ and δ numerically, we
found that the functions fi,j can be well described by a log-normal distribution in momentum
space,
fi,j
(
k
k∗
, ξ∗, δ
)
' f ci,j [ξ∗, δ] exp
[
− 1
2σ2i,j [ξ∗, δ]
ln2
(
k
k∗xci,j [ξ∗, δ]
)]
. (4.4)
The information about the location, width and the height of the signal depends on the motion
of σ in its potential and is therefore characterized by ξ∗ and δ inside the functions xci,j , σi,j , f
c
i,j .
As it is clear from (4.4), fi,j is maximal at k = k∗xci,j , where it evaluates to f
c
i,j whereas σi,j
controls the width of this signal. For a given choice of ξ∗ and δ, we derived approximate formulas
for these functions by fitting the right hand side of eq. (4.4) to reproduce the position, height
and width of the sourced signal parametrized within the integrals defined in Appendix C and D
for fi,j (See e.g. (B.16), (B.23), (C.11) and (C.20)). For δ = 0.3, we found that these functions
can be described by a smooth second order polynomial in ξ∗ in the interval 3 ≤ ξ∗ ≤ 6.5 as we
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Figure 2. The exact functions f3,R (Left) and f3,− (Right) are shown by red dots while their approximate
form are shown by black-dashed lines and are given by eq. (4.4) where made use of Table 1 for δ = 0.3
and ξ∗ = 5.5. The peaks in the functions f3,R/f3,− arise for k = O(1)k∗ and are due to the acceleration
of σ during its rollover from the cliff like regions in its potential.
present in Table 1. To illustrate the accuracy of the expression in (4.4), we compare the exact
and approximate form of f3,R for a representative choice of model parameters in Figure 2.
4.1.1 Scalar power spectrum and tensor to scalar ratio
In this subsection, we study the phenomenology of the model (2.1) at the level of 2-pt functions,
particularly focusing on observables at CMB scales. For this purpose, we assume that during its
motion, σ traverses only a single cliff like regions in its bumpy potential such that its velocity
peaks at the time when scales associated with CMB observations exit the horizon. One can easily
ensure such a scenario by choosing appropriate initial conditions and model parameters in the σ
sector.
Normalization of the scalar power spectrum. The total scalar power spectrum is given
by the sum of nearly scale invariant piece plus a sourced signal and should yield to the correct
normalization As ' 2.1 × 10−9 by Planck [8]. In the P(v)R − ξ∗ plane, the power spectrum
normalization is satisfied along the following curve,
P(v)R =
1
2 2φ f2,R(ξ∗, δ)
[
−1 +
√
1 + 4As 2φ f2,R(ξ∗, δ)
]
(4.5)
where we evaluated f2,R(ξ∗, δ) = exp(f c2,R(ξ∗, δ)) at the peak of the sourced signal. It is clear
from (4.5) that if the second term inside the square root is much smaller than unity, we recover the
standard result: P(v)R = As. The value of ξ∗ where the sourced contribution becomes comparable
to the vacuum one depends on the background model, in particular to the value of φ when
the sourced contribution peaks. At fixed φ, as ξ∗ increases, vacuum power spectrum should be
exponentially decreased to avoid over production of scalar fluctuations. In general, for smaller φ,
it is easier to keep the sourced contribution to the total power spectrum sub-dominant compared
to the vacuum fluctuations. We illustrate these facts in the left panel of Figure 3.
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Tensor to scalar ratio. In the presence of sources contribution, the tensor-to-scalar ratio
becomes
r(k) =
∑
λ P(v)λ (k) + P(s)λ (k)
P(v)R (k) + P(s)R (k)
' 16φ
1 + φ16 P(v)R (k) f2,−(k)
1 + 2φ P(v)R (k) f2,R(k)
 , (4.6)
where we have neglected the subdominant positive helicity mode as f2,+  f2,−. In (4.6), the
second term in both the numerator and denominator gives the ratio between the sourced and
vacuum power spectrum for tensor/scalar fluctuations respectively:
Rt ≡ φ
16
P(v)R (k) f2,−(k), Rs ≡ 2φ P(v)R (k) f2,R(k). (4.7)
It is immediately clear from these expressions that sourced tensor modes tend to become more
dominant than the scalars at smaller values of φ. This is the particular regime we are interested
in because in this case vacuum tensor fluctuations remain to be small, rv = 16φ while the
tensor power spectrum is mainly controlled by the sourced signal without over producing scalar
fluctuations.
We illustrate these facts on the right panel in Figure 3, where we present the curves of constant
r values (solid black lines) and the ratio between the sourced and vacuum scalar power spectrum
(orange dotted dashed lines) together with the line (dotted gray line) where the sourced spectrum
of tensor fluctuations becomes comparable to the vacuum power spectrum. Notice that on the
left hand side of this curve, i.e. for smaller values of ξ∗, constant r curves become ξ independent,
implying r ' rv = 16φ. On the right hand side of the Rt line, i.e. for greater values of ξ∗,
r  rv, especially towards smaller values of φ where Rs  1. This is the parameter space we
are interested in this work, as one can simultaneously realize r  rv and Rs  1. In particular,
in this regime, at the peak of the sourced GW signal, we have
r
1/2
∗ ' 2.8× 10−8φ e4.955 ξ∗ , (4.8)
where we have linearized the expression f2,− in ξ∗ using Table 1 and P(v)R = As = 2.1×10−9. We
can eliminate φ in favor of the Hubble rate Hinf during inflation using eq. (4.2). In this way,
we can relate the tensor to scalar ratio to the energy scale of inflation at the peak of the sourced
signal, analogously to the standard relation (1.1) as,
( r∗
0.063
)1/2 ' ( Hinf/Mpl
2.5× 10−5
)2
e1.58pi(ξ∗−4.05), δ = 0.3. (4.9)
However, in contrast to the standard relation (1.1) of single field inflation, (4.9) shows that, an
observable GW spectrum sourced by the secondary sources is possible for an arbitrarily low scale
of inflation, as long as we compensate it with a sufficiently large ξ∗.
In our analysis, we have found that increasing δ opens up the available parameters space even
further in the φ − ξ∗ plane. The fundamental reason behind this is the fact that an increase in
δ decreases the amount of e-folds (∆N = δ−1) σ is rolling. This in turn decreases the amplitude
(characterized by f ci,j) and as well as the width (characterized by σi,j) of the produced signal
as in the latter case, fewer gauge field modes will be excited to source cosmological correlators.
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Figure 3. Normalization of the power spectrum in the P(v)R − ξ∗ plane given by eq. (4.5) (Left).
Dotted dashed lines indicate the location in ξ∗ where sourced signal to the scalar power spectrum becomes
comparable to vacuum contribution whereas the red/brown coloured points indicate the location on the
P(v)R − ξ∗ plane where f eqNL = 68. Curves of constant r in the φ − ξ∗ plane (Right). Gray dotted/orange
dashed lines correspond to the ratio between sourced and vacuum power spectra, namely Rt and Rs in
(4.7). Sourced tensor spectrum dominates over the vacuum fluctuations on the right hand side of the
dotted gray line where Rt > 1. time. Along the red dotted line, f
eq
NL = 68 where eq. (4.14) is used. On the
right panel, we also show f tensNL = 1 (4.15) by the dashed blue line as an error of σ(f
tens
NL ) = 1 is expected
for the upcoming CMB B-mode missions.
However, the decrease in ∆N influences scalar correlators more than the tensor ones because
beside the reduction of the number of modes that are sourced (decrease in the width σi,j), the
time interval during which the conversion of δσ (sourced by the δA+ δA→ δσ) to δφ occurs will
also decrease. We would like to emphasize that the sourced GW signal we study here may be
distinguished form its vacuum counterpart due to its scale dependence and its violation of parity
(f2,−  f2,+). At the level of 2-pt correlators, the running of the tensor spectral tilt can also be
used to quantify the difference in the spectral behavior of the sourced GW signal with respect to
the standard vacuum fluctuations of the metric [66]. In the power law form, the vacuum and the
sourced GW power spectrum can be described as
P(v)h (k) ≡
∑
λ
P(v)λ (k) = 16φ,p P(v)R (kp)
(
k
kp
)nt,p
, (4.10)
P(s)h (k) =
[
φ,p P(v)R (kp)
(
k
kp
)nt,p]2
f c2,− exp
[
− 1
2σ22,−
ln2
(
k
kc
)]
, (4.11)
where we redefined kc = k∗xc2,− to describe the location of the peak, nt,p = −2φ,p is the vacuum
tensor spectral tilt with p indicating a quantity evaluated at the pivot scale. Neglecting the terms
that are second order in slow-roll, when the sourced GW signal dominates Rt  1, the spectral
tilt nt the running αt of the total tensor spectrum Ph = P(v)h + P(s)h are given by
nt(k) ≡ d lnPh(k)
d ln k
' 2nt,p − ln(k/kc)
σ22,−
, (4.12)
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αt(k) ≡ dnt(y)
d ln k
' − 1
σ22,−
. (4.13)
Therefore, in contrast to the nearly scale invariant power spectrum, the presence of gauge field
production gives rise to sourced GW power spectrum with a non-vanishing negative running that
has a magnitude inversely proportional to the width of the peak. This running can be measured
if the B mode of the CMB is observed for a sufficiently large range of scales [65, 66].
4.1.2 Scalar and tensor non-Gaussianity
The {3,R} and {3,−} entries of Table 1 clearly indicate that the sourced 3-pt correlators can be
significantly large in our model. Considering scalar 3-pt correlators, the non-observation of scalar
non-Gaussianity [6] thus impose further restrictions on the parameter space of the model. On
the other hand, if the B-modes are observed by ongoing [7, 78, 79] or proposed experiments like
PIXIE [9], LiteBIRD [10] and CMB-S4 [11], the next important step is to reveal its origin. In this
context, the presence of sizeable tensor non-Gaussianity can be considered as a distinguishing
feature of our model, in particular as a source of primordial BBB correlator from non-vacuum
excitations [80]. In the following, we will therefore i) discuss the limits on the tensor-to-scalar
ratio r from scalar non-Gaussianity ii) the observability tensor non-Gaussianity at CMB scales.
Constraints on scalar non-Gaussianity. In the model under consideration, sourced pri-
mordial correlators exhibit a width in momentum space, thus making sourced signals manifest
itself for a range of cosmological scales relevant for CMB measurements. Notice also from the
Table 1 that compared to the sourced scalars (with the exception of irrelevant + helicity ten-
sor 2-pt correlator), the peak of the tensor 2-pt correlator typically occurs at smaller scales in
k space as indicated by xc2,− > xc3,R. On the other hand, the bulk of the constraints on the
primordial bispectrum is carried by relatively small scales (i.e. multipoles with l > 100) com-
pared to the corresponding observational window of scales (l = 10 − 100) for B-modes targeted
by CMB probes. For a sourced tensor signal occurring at l ∼ 100, this implies that constraints
from the non-observation of non-Gaussianity will be weaker, increasing the viability of the model
in producing observable B-modes from secondary vector field sources. For sourced scalar and
tensor signals with an appreciable offset in their respective peaks, one typically needs to carry a
likelihood analysis, i.e. similar to the one carried in [65], to check the validity of the model when
confronted with CMB data at the relevant scales.
In order to determine the level of tensor-to-scalar ratio r allowed by observational limits on
scalar non-Gaussianity, we will instead perform a preliminary check for the viability of the model
by applying the constraints on scalar non-Gaussianity to the sourced cosmological correlators
evaluated at their peaks, assuming the scales where the CMB data is relevant corresponds to the
peak of these signals. Since the sourced scalar bispectrum is maximal for equilateral configurations
of external momenta, we will use f eqNL as an indicator of the constraints at the peak of the sourced
signal and apply 2σ bound from CMB data: |f eqNL| < 68 (at kp ' 0.05 Mpc−1) [6]. In particular
we will impose this bound on the following expression derived in our model,
f eqNL =
10
9
k6
(2pi)5/2
B(s)R (k, k, k)
PR(k)2 , (4.14)
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where B(s)R is given by (4.3) and PR = P(v)R + P(s)R recalling the expressions in eqs. (4.3) and
(4.5). Using (4.14), we present the restrictions imposed on the parameter space from |f eqNL| < 68
in Figure 3. From the left panel in Figure 3, we observe that the bound on |f eqNL| is more
restrictive than the normalization of the scalar power spectrum, as it (shown by red/brown dots)
saturates on smaller ξ∗ on constant φ curves compared to the ξ∗ value where sourced scalar
contribution becomes comparable to the vacuum counterpart (shown by red/brown dot dashed
vertical lines). On the right panel of Figure 3, the observational limit derived from scalar non-
Gaussianity is shown by the red dotted line. We observe that in the model under investigation,
a visible primordial GW spectrum with r ' 10−2 can be generated without violating the bounds
on CMB observations. It is important to note that, to derive the bound |f eqNL| < 68 we have used
(4.14) and evaluated f2,R and f3,R at wave numbers where the sourced contribution to the GWs
peaks, i.e. at k = k∗ xc2,− to properly take into account the offset between the peaks of sourced
scalar and tensor fluctuations.
We would like to emphasize again that the constraints we discuss here assumes that peak of
the sourced approximately corresponds to the scales kp ' 0.05 Mpc−1 where CMB bounds on
non-Gaussianity are derived [6]. In a scenario where the sources peak at larger scales, i.e. to the
left of the first acoustic peak in the temperature anisotropy spectrum (l < 100), the constraints
from the non-observation of a non-vanishing scalar bispectrum are weaker than the bound |f eqNL|
we are considering here. This would in turn strengthen the viability of generating observable
B-modes from secondary sources by enlarging the available parameter space in our model. As
we mentioned earlier, to investigate these possibilities, an appropriate analysis similar to the one
carried in Section 4.2 of [65] is required, which we will leave for future work.
Tensor non-Gaussianity. To quantify the strength of tensor non-Gaussianity, we will use
the tensor analog of equilateral non-linearity parameter f tensNL [81, 82]
f tensNL ≡
B(s)−−−(k, k, k)
2
√
2F eqR (k)
, (4.15)
where we took into account a factor of 2
√
2 that originates from the difference of our normalization
convention of polarization tensors Πij compared to the [81, 82], F
eq
R ≡ B(s)R (k, k, k)/f eqNL which
can be read from eq. (4.14) and B(s)−−− is given in eq. (4.3). In order to determine the parameter
space of the model that can be probed by tensor non-Gaussianity, we plot σ(f tensNL ) = 1 line
on the right panel in Figure 3, which is expected to be the target sensitivity of LiteBIRD [83].
We observe that in addition to the B-modes at the level of r ' 10−2, observable tensor non-
Gaussianity from vector field sources can be generated for a sizeable portion of the parameter
space in our model. From Figure 3 we also see that there is a small portion of the parameter
space on the left of Rt < 1 where r ' 10−2 and f tensNL & 1, representing a scenario where rs < rv
with observable tensor non-Gaussianity. This regime is especially interesting because it allows us
to obtain information on both quantum vacuum fluctuations of the metric and of the spectator
fields (vector + axion) during inflation by combining tensor power and bispectrum. Similar to
the case with tensor power spectrum, the resulting tensor bispectrum is parity violating (See
e.g. [51, 56]). Scanning the different regions of parameter space in our model where the roll of
the σ is faster around the cliffs, i.e. δ > 0.3, it would also be interesting to further study the
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observability of parity violating tensor bispectrum. In this case, as the sourced contributions
to the correlators are more spiky, an analysis similar to the one carried in [80] is necessary to
determine whether a significant signal to noise ratio for the bispectrum can be obtained or not11.
Given the precision that will be achieved by future B-mode missions, such an investigation is
particularly interesting in establishing vacuum vs. sourced nature of metric fluctuations.
4.2 Gravitational waves at interferometer scales
For suitable choices of initial conditions and model parameters, the model we are considering
can also generate sufficiently large GW signal at interferometer scales without over producing
scalars fluctuations. In this section, we will show that the model can generate observable GW
signal at scales associated with PTA-SKA [84–86] and LISA experiments [87, 88] (and perhaps
at AdvLIGO [89] scales, see e.g. Figure 6) without conflicting with the constraints on PBH
abundance12 on sub-CMB scales.
f [ Hz ] Nest
GW @ AdvLIGO 10− 200 18− 22
GW @ LISA 10−4 − 10−1 25− 32
GW @ PTA 10−9.5 − 10−7 39− 45
Table 2. List of observational GW windows on inflation (Left column) and the corresponding sensitivity
range in frequency, f = k/2pi (Middle column). Estimated number of e-folds (Right) before the end
of inflation at which the corresponding scales exit the horizon, i.e. k = aH, where we used eq. (4.16)
assuming a constant Hubble rate during inflation and Np = 60.
As an example, we consider two different scenarios where spectator (ρσ  3H2M2pl) axion
σ probe multiple cliff like regions in its potential before settling its global minimum at σ = 0.
For this purpose, we match two even branches (with n = 2 and n = 0) solutions of eq. (A.6) in
Appendix A at an intermediate time. The resulting field profile(s) are shown in Figure 4 in which
we clearly indicated the e-folding number where the fields velocity is maximal. In these solutions,
we choose the e-folds N∗ at which the motion of σ is the fastest as N
(1)
∗ = 44 and N
(2)
∗ = 30
(Scenario 1) and N
(1)
∗ = 44 and N
(2)
∗ = 22 (Scenario 2) corresponding the optimal frequencies
where the PTA-SKA, LISA and AdvLIGO experiments are sensitive to. In making these choices
we were guided by the relation between the e-folding number N a given mode exits the horizon
and the wave number k = 2pif and Table 2:
Np −N = 41.7− ln
(
kp
0.05 Mpc−1
)
+ ln
(
f
100 Hz
)
− ln
(
HN
Hp
)
, (4.16)
where Np is the number of e-folds at which the pivot mode kp exits the horizon which we assume
to be 0.05 Mpc−1.
In the two field scenarios we consider, to investigate phenomenology that arises at sub-CMB
scales we need to specify the scalar potential Vφ(φ) in the inflationary sector. Instead of fixing
11Private communication with Maresuke Shiraishi.
12For the constraints on PBH abundances we use in this work, see Section 2 of [60] and the references therein.
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Figure 4. Evolution of σ with respect to e-folds during inflation where we have used (A.6) to match two
even branch solutions (n = 2 and n = 0) described in Appendix A. On the cliff like regions of its potential
(see Figure 1), the field velocity σ˙ increases to become maximal before it relaxes again to smaller values
around the plateau like parts of the potential. In these plots, we choose the integration constants in (A.6)
such that the peak in the velocity occurs at N
(1)
∗ = 44 and N
(2)
∗ = 30 (Left) and N
(1)
∗ = 44 and N
(2)
∗ = 22
(Right). For both field profiles, we assume that shortly after the field profile passes the horizontal dotted
gray line σ = 0, the σ settles to its minimum where σ˙ → 0.
a specific inflaton potential, here we will take a phenomenological approach to determine the
important set of parameters that characterize the dynamics in the inflaton sector. For this
purpose, first notice that assuming the effects introduced by the rolling of σ is negligible at CMB
scales, we have ns − 1 ' 2ηφ − 6φ and r ' 16φ. Therefore, using the results provided by CMB
data, we can determine φ and ns − 1. In this regard, we assume r = 10−2 at CMB scales which
is close to the current bound implied by Planck [8], which provides us φ ' 6.25× 10−4. On the
other hand, the observed value of the spectral tilt gives ns − 1 ' −0.035 [8]. Moreover, as the
slow-roll parameters evolve at second order in slow-roll expansion, we will assume that φ remain
constant throughout the inflation. These simplifying approximations enable us the describe the
resulting phenomenology at interferometer scales without affecting qualitative conclusions that
can be drawn from the multi-field scenarios we described above. In light of this discussion, we
note the total scalar and GW spectrum as
PR(k) = P(v)R (k) +
[
φ P(v)R (k)
]2 ∑
i=1,2
f
(i)
2,R(ξ∗, k/k∗, δ), (4.17)
Ph(k) = 16φ P(v)R (k) +
[
φ P(v)R (k)
]2 ∑
i=1,2
f
(i)
2,−(ξ∗, k/k∗, δ), (4.18)
where in the sourced terms above we sum over two sites of particle production, i.e. over i = 1, 2.
Noting the e-fold dependence of Hubble parameter, H(N) = Hp e
−φ(Np−N), we describe the
vacuum scalar power spectrum as a function of e-folds as
P(v)R (kN ) = P(v)R (kp) e−(1−φ)(1−ns)(Np−N), (4.19)
where P(v)R (kp) = As = 2.1× 10−9. For δ = 0.3, we then use the constraints on the scalar power
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Figure 5. Scalar power spectrum in the two-field model (2.1) during inflation, where we assumed σ field
rolls through two successive cliff like regions in its potential, leading to a peaked signal at PTA-SKA and
LISA scales (Left, Scenario 1) or at PTA-SKA and AdvLIGO scales (Right, Scenario 2). In these plots we
choose a ξ∗ so that the peaked signal saturates the PBH bounds.
spectrum from the PBH abundance13 as a function of e-folds to determine the limiting allowed
value of ξ∗ at the corresponding peak of the sourced signal at both scenarios shown in Figure 4.
The resulting peaks in the scalar power spectrum and the limiting ξ∗ are shown in Figure 5. We
observe that as the PBH constraints gets tighter for smaller scales and the limit imposed on ξ∗
comes from the second peak of the sourced signal in both scenarios. We then use the limiting
values of ξ∗ we obtained to determine the level of GW signal at the corresponding scales using
ΩGW h
2 =
Ωr,0 h
2
24
Ph(k), (4.20)
where the dimensionless radiation density today is given by Ωr,0 h
2 ' 4.2 × 10−5. The results
are presented in Figure 6 which shows that the model can simultaneously lead to an observable
signal at PTA-SKA and LISA scales (Scenario 1). On the other hand, for the second scenario,
the generated signal for GW’s in the second bump barely overlaps with the sensitivity curve of
future AdvLIGO setup.
The results we obtained so far are obtained under the assumption that the gauge field en-
hancement leads to negligible backreaction on the background solution. As is clear from Figure
6, the gauge field amplification needs to be sufficiently strong to leave observable effects at in-
terferometer scales. As a consistency check, one should therefore consider its backreaction on
the background dynamics to determine any restrictions that might arise on the observables. In
the following, we will there consider the constraints arise from backreaction on the scenarios we
discussed in this section. For this purpose, we use (4.18) and (4.20) to obtain,(
ΩGW h
2
)1/4
∗ ' 4.1× 10−8
√
φ e
2.48ξ∗ , (4.21)
at the peak of the each sourced signal (i = 1, 2) where we disregarded the evolution of Hubble
13In the model we are considering, as the sourced signal originates from the convolution of two Gaussian modes,
it obeys a χ2 statistics and so does PBH limits [58, 90, 91]. We would like to thank Caner U¨nal for sharing the
data on PBH limits.
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Figure 6. ΩGW h
2 as a function of frequency in the two-field model (2.1), where we assumed σ field rolls
through two successive cliff like regions in its potential, leading to a peaked signal at PTA-SKA and LISA
scales (Left, Scenario 1) or at PTA-SKA and AdvLIGO scales (Right, Scenario 2).
rate H given the small values of φ we are focusing in this section. Combining the relation in
(4.21) with (D.11) and (D.7) gives,(
ΩGW h
2
8.5× 10−8 e0.24ξ∗
)1/4
∗
<
f
Mpl
< 1. (4.22)
We observe from eq. (4.22) that the two-field model we consider is capable of producing visible
GW signal that peaks at PTA-SKA, LISA and AdvLIGO scales as for all these probes, ΩGW h
2 <
10−7 is enough to generate an observable signal for a non-vanishing interval of f/Mpl. For a GW
signal at AdvLIGO scales (Scenario 2), a more demanding restriction is the constraints on PBH
limits as shown by Figure 5 (Right). In particular, the limits from PBH abundance requires
ξ∗ . 6.2, which puts the GW signal in the second scenario right on the AdvLIGO O-3 sensitivity
curve [89] (See e.g. right panel of Figure 6).
5 Conclusions
Forthcoming CMB experiments such as CMB-S4 [11] and LiteBIRD [10] will measure the CMB
B-mode polarization and its properties to an unprecedented accuracy. Given this expected im-
provements in the sensitivity of B-mode measurements, it is therefore important to explore alter-
native mechanisms to the standard scenario where GWs are produced through the enhancement
of quantum vacuum fluctuations during inflation.
In this work, we have shown that the motion of a hidden sector axion-like field σ in its
wiggly potential (i.e. eq. (1.3) with Λ4 ≈ µf) can experience transient fast roll(s) that can
lead to significant amplification of gauge field fluctuations which in turn produce an additional
component of tensor fluctuations whose amplitude is not proportional to the Hubble rate during
inflation. In particular, this implies that, if the transient fast roll of σ occurs while CMB scales
leave the horizon, the model can generate an observable GW signal of primordial origin for an
arbitrarily low energy scale of inflation (See e.g. eq. (4.9)) while respecting the limits on scalar
non-Gaussianity at CMB scales (See e.g. Figure 3).
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The model we consider features a rich set of phenomenological signatures. First and foremost,
the produced tensor fluctuations can exhibit strong scale dependence which could lead to a
locally blue tilt for the tensor power spectrum (similar to the models studied in [61, 65]). It
is crucial to note that such a situation is typically considered as a smoking gun evidence to
falsify inflationary paradigm. Moreover, at the peak of the signal, tensor power spectrum has
a negative tilt which can be measured if the B-modes are observed for a range of CMB scales.
Finally, the induced GWs has a significant departure from Gaussianity which can be detected
by future CMB missions like LiteBIRD (See e.g. Figure 3). Importantly, together with the B-
mode measurements, an observation of tensor non-Gaussianity would allow us to unambiguously
determine vacuum vs non-vacuum nature of metric fluctuations as the vacuum part is expected
to be nearly Gaussian. In other words, any deviations from the standard vanilla scenario – such
as near scale invariance, near Gaussianity and parity invariance of tensor fluctuations– we can
probe will allow us to constraint the energy density contained in the spectator hidden sector (See
also [52, 80, 92]).
In addition to observable B-modes at CMB scales, we have shown that for a suitable choice
of initial conditions and model parameters, the roll of σ in its wiggly potential can result with
significant enhancement of GWs on sub-CMB scales that can be detected at ground and spatial
based interferometers. In particular, as an interesting application of our model, we showed that if
the spectator axion σ probes multiple cliff like regions of its potential during inflation, observably
large GW signals can be generated both at scales probed by PTA-SKA and LISA missions without
violating bounds from PBH abundance at the aforementioned scales. On the other hand, we found
that the model (Scenario 2) can generate a GW signal right on the edge of the AdvLIGO O-3
sensitivity line [89] while being consistent with bounds on the scalar fluctuations at those scales.
In the model we studied in this paper, there remain several open problems to be investigated.
The parity violating nature of particle production is expected to induce a characteristic mixed
type 2-pt correlator (TB) [93] which might be detectable if the amplitude of sourced metric
fluctuations is large enough [65, 94, 95]. On the other hand, we have studied the phenomenology
of the model only for a single choice of parameter δ, which is proportional to axion mass in its
global minimum. As we mentioned earlier in Section 4.1.1, increasing δ reduces the amplitude
of sourced scalar fluctuations more compared to the tensors and therefore a large sourced tensor
component can be produced by increasing the axion mass (a similar situation appears in [65]).
This situation is likely to give rise to larger TB and B-mode auto bisepctrum (BBB) which could
be detected by a Planck-like mission. We leave a comprehensive analysis on these interesting
issues for future work. Finally, the axion fluctuations may result in a perturbation in the effective
coupling δξ and since the amount of GWs sourced in this mechanism is controlled by ξ, this may
lead to a scale dependent anisotropies in the GW signal at interferometer scales [96]. We leave
investigations on this possibility for future analysis.
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A Background evolution of σ and vector field production
Assuming a constant Hubble rate H, in the slow-roll regime, Klein-Gordon equation for the
homogeneous background of the spectator σ can be approximated as
σ¯′(z) +
[
1 + β cos (σ¯(z))
]
= 0 (A.1)
where we defined a new time variable dz = µ/(3H2f)dN with prime denotes differentiation with
respect to the arguments, β = Λ4/(µf) and σ¯ = σ/f − pi/2. Notice that the equation (A.1) is
invariant under the discrete shift symmetry σ¯ → σ¯ + 2pin for arbitrary integer n. This implies
that we can study the solution for (A.1) for any 2pi interval in field space and the remaining
regions of the solution can be found using the periodicity of the eq. (A.1). For this purpose, we
make a field redefinition to study the evolution of the scalar field within such an interval, i.e. for
even n, we define
σ¯(z) = npi + 2 arctan[y(z)], (A.2)
and therefore the new variable y(z) obeys,
y′(z) +
1
2
[
1 + β + (1− β)y(z)2
]
= 0, (A.3)
y(z) in eq. (A.3) has the following solution:
y(z) =
√
1 + β
1− β tan
[√
1− β2
2
(z∗ − z)
]
, (A.4)
where z∗ = µ/(3H2f)N∗ is an integration constant. Since we are interested in the bumpy regime,
i.e. β → 1, one can further simplify the solution for y, which in turn simplifies the solution of the
field profile in (A.2). In this limit, we therefore have
y(z) =
β→1
(1 + β)
2
(z∗ − z). (A.5)
In this work, we will work with β . 1 to describe the solution in even n branches. In this limit,
the field profile is simplified and given by
σ(N) =
(
n+
1
2
)
pif + 2f arctan [δ(N∗ −N)] , (A.6)
where we defined the following dimensionless parameter in terms of constant physical scales of
the model:
δ ≡ (1 + β)
2
µ
3H2f
=
(
1 +
Λ4
µf
)
µ
6H2f
. (A.7)
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Figure 7. Field profile σ and the velocity |σ˙| as a function of e-folds N . In these plots, we have used
δ = 0.6, β = Λ4/(µf) = 0.95, n = 2 and N∗ = 6. In both plots, the simplified profiles are obtained using
the approximation (A.5) and are shown by dashed red curves.
In Figure 7, we illustrate the resulting profile of σ and its velocity σ˙ using the full (A.4) and
simplified expression (A.5), which represent the background evolution of axion within one bump
of its potential. The accuracy of the approximation given by the solution (red dashed lines) in
(A.5) is clearly visible.
On the other hand, the expressions we derived is valid within the slow-roll approximation,
i.e. σ¨  3Hσ˙. Using (A.6), we therefore note
σ¨
3Hσ˙
= − 2δ
2∆N
3 [1 + δ2∆N2]
(A.8)
where ∆N = N −N∗ with N∗ is the time in terms of e-folds where σ˙ reaches its maximum value.
Notice that the expression in (A.8) oscillates between its maximal and minimal value,
σ¨
3Hσ˙
∣∣∣∣
(max/min)
= ±δ
3
(A.9)
where these values are reached slightly before when σ˙ reaches its peak value, particularly when
∆N = ∓δ−1 respectively. Therefore to ensure the slow-roll approximation and the validity of
the formulas we derived in this Appendix, we require δ < 1. In the left panel of 8, we plot the
expression in eq. (A.8) to illustrate the facts we have mentioned above.
Gauge field production. In the following, our aim is to derive analytic formulas for the
gauge field amplification as σ down through the steep cliffs before reaching to plateau regions in
its potential (1.3). For this purpose, it is enough to focus on the behavior of the parameter ξ as
σ traverses a single bump 14. Using the formulas we developed for the field profile in (A.6), we
14Depending on the initial conditions for σ and model parameters such as f , scalar field may pass can probe
multiple bumps in its potential (1.3) however, as we mentioned earlier the field profile is identical for such cases
and can be described by the formula (A.6) with an appropriate choice of n. As the field profile is identical, particle
production in the gauge field sector we study in this appendix will follow identical for each cliffs that σ probes in
its potential.
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Figure 8. σ¨/3Hσ˙ of eq. (A.8) (Left) and ξ of eq. (A.10) (Right) as a function of e-folds N . In both of
these plots we take N∗ = 6. On the other hand, in the left panel, we choose δ = 0.9 whereas on the right
panel, time evolution of ξ for different choices of δ is shown to illustrate the narrowing of the width of the
peak in time space.
have
ξ ≡ − αcσ˙
2Hf
=
αc δ
1 + δ2(N −N∗)2 =
αc δ
1 + ln [(x∗/x)δ]
2 , (A.10)
where we have used τ = −(aH)−1 and defined −kτ ≡ x with τ∗ denoting the time at which ξ
reaches its peak value ξ∗ = αcδ. We show the time evolution of ξ in (A.10) in Figure 8 for two
choices of δ. Notice that assuming a constant Hubble rate, ξ˙/ξH = σ¨/σ˙H and from (A.9), we
realize that choices of δ < 1 imply non-adiabatic evolution for the ξ parameter. In other words,
for these choices of δ, although the slow-roll approximation is marginally satisfied, this might
lead to a fast evolution for ξ.
Keeping these in mind, we now use (A.10) to re-write the mode equation (2.11) of the negative
helicity mode as,
d2A−
dx2
+
(
1− 2
x
ξ∗
1 + ln [(x∗/x)δ]
2
)
A− = 0, (A.11)
which we will solve using WKB approximation below, following mainly [65]. For this purpose,
first notice that eq.(A.11) is given by the following form
A′′−(x) +Q(x)A−(x) = 0, (A.12)
where Q(x) vanishes for a critical value at x = xc and is positive for x > xc. On the different
sides of the critical point, we define
Q(x) =
{
p(x)2, x > xc
−κ(x)2, x < xc .
(A.13)
On the positive branch (x > xc), away from the critical point, we are in the adiabatic regime,
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i.e. |p′(x)|  p(x)2 and the general solution can be approximated by,
A−(x xc) ' α√
p(x)
cos
(∫ x
xc
p(x′) dx′ − pi
4
)
− β√
p(x)
sin
(∫ x
xc
p(x′) dx′ − pi
4
)
, (A.14)
where α and β are complex constants. Similarly, for x < xc, WKB approximation holds,
|κ′(x)|  κ(x)2 and the solution is given by the superposition of exp (− ∫ xcx κ(x′) dx′) /√κ(x)
and exp
(∫ xc
x κ(x
′) dx′
)
/
√
κ(x). In order to determine the coefficients of the outgoing solution
(x < xc) in terms of the coefficients α and β of the incoming solution, we need to specify the
mode equation in the intermediate region, i.e. around x = xc . For this purpose, we linearize the
time dependent frequency in (A.11) to write the mode equation as
A′′−(x) +Q
′(xc)(x− xc)A−(x) ' 0. (A.15)
The equation (A.15) can be solved in terms of Airy functions [97] which can be matched with
the solutions of A− in the both WKB regimes, i.e. x > xc and x < xc to obtain,
A−(x xc) ' α/2√
κ(x)
exp
(
−
∫ xc
x
κ(x′) dx′
)
+
β√
κ(x)
exp
(∫ xc
x
κ(x′) dx′
)
. (A.16)
The requirement that, the modes are in their Bunch-Davies vacuum in the far past, implies
α = 1/
√
2k and β = −i/√2k. In the tachyonic regime x < xc that we are interested in, we only
keep the growing mode to write the solution as
A−(x < xc) ' − i√
2k κ(x)
exp
{∫ xc
x
κ(x′) dx′
}
. (A.17)
The case of constant velocity for the rolling inflation, can be recovered in the δ → 0 limit where
ξ∗ → ξ. Noting that xc = 2ξ, in this limit, we have∫ xc
x
κ(x′) dx′
∣∣∣∣
δ→0
=
∫ 2ξ
x
√
2ξ
x′
− 1 dx′ '
x→0
piξ − 2
√
2ξx. (A.18)
Plugging this result in (A.17), one obtains the approximate expression first derived in [44]. For
a general δ 6= 0, it is not possible to compute the integral to obtain a closed form expression as
in this case one can not determine a definite xc from the expression Q(x) in (A.11) and (A.12),
i.e. in terms of model parameters such as ξ∗. Nevertheless, we can obtain the x dependence of
the integral by noticing ∫ xc
x
κ(x′) dx′ =
∫ xc
0
κ(x′) dx′ −
∫ x
0
κ(x′) dx′ (A.19)
such that only the second term has x dependence. In the limit of sufficiently small x, we can
simplify the integrand in the second integral of (A.19) to get∫ x
0
κ(x′) dx′ '
∫ x
0
√
2ξ∗
x′
1
δ| ln(x′/x∗)| dx
′ '
x→0
2
√
2ξ∗x
δ| ln(x/x∗)| . (A.20)
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Recalling (A.17), at late times, A− is therefore given by
A−(τ,~k) = N(ξ∗, x∗, δ)
( −τ
8kξ(τ)
)1/4
exp
[
−2
√
2ξ∗ (−kτ)1/2
δ| ln(τ/τ∗)|
]
, τ/τ∗ < 1. (A.21)
The overall normalization of N(ξ∗, x∗, δ) should be determined by solving (A.11) numerically and
matching it to the WKB solution (A.21) at late times −kτ  1. Using this procedure for many
x∗ and for different values of ξ∗ within the range 3 ≤ ξ∗ ≤ 6.5, we find that the normalization
factor can be accurately described by the following shape
N (ξ∗, q, δ) ' N c [ξ∗, δ] exp
(
− 1
2σ2 [ξ∗, δ]
ln2
(
q
qc [ξ∗, δ]
))
, (A.22)
where the functions N c, qc and σ is characterized by the background evolution of σ and hence
depend on ξ∗ and δ. Matching the late time amplitude obtained from the numerical solution
of (A.11) with the WKB solution (A.21), we have found that these functions can be described
accurately by a second order polynomial in ξ∗. In particular, for δ = 0.3, we found
N c = exp
[
0.325 + 2.72 ξ∗ − 0.00069 ξ2∗
]
, δ = 0.3 , 3 ≤ ξ∗ ≤ 6.5,
qc = 0.013 + 0.710 ξ∗ − 0.00105 ξ2∗ ,
σ = 1.69− 0.254 ξ∗ + 0.0164 ξ2∗ . (A.23)
B Tensor correlators sourced by vector fields
In this Appendix, we will derive the tensor 2-pt and 3-pt correlators in the presence of gauge
fields sources. The resulting phenomenology will be presented in Section 4. For this purpose,
we use (3.2) to we note the following relation between the tensor mode operators hˆ
(s)
λ and the
canonical mode Qˆλ:
hˆλ(τ, k) = Πij,λ(~k) hˆij(τ,~k) =
2
Mpla(τ)
Qˆλ(τ,~k). (B.1)
The equation of motion for the canonical operator Qˆλ is given in (3.17). As we mentioned in
the main text, we decompose the full solution into a homogeneous and particular one, corre-
sponding to the modes generated by the vacuum and sourced fluctuations. The solution to the
vacuum configuration can be approximated by the expression (3.19) and we solve for the sourced
contribution Qˆ
(s)
λ using (3.20). Noting the relation (B.1), we therefore have
hˆ
(s)
λ (0, k) = −
2Hτ
Mpl
∫ 0
−∞
dτ ′ Gk(τ, τ ′) Jˆλ(τ ′,~k), (B.2)
where the Green’s function is given by (3.16) and the source Jˆλ is defined in (3.18). Using the
definitions (2.16) of vector fields, we can obtain an explicit expression for the source as
Jˆλ(τ,~k) ' − H
Mpl
√
−τξ(τ)
2
∫
d3p
(2pi)3/2
λ
[
~k,~k − ~p, ~p
]
p1/4 |~k − ~p|1/4
(
1 +
−τ
2ξ(τ)
√
p|~k − ~p|
)
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× A˜(τ, |~k − ~p|) A˜(τ, p) Oˆ−(~k − ~p) Oˆ−(~p), (B.3)
where we defined the following shorthand notation for expressions involving annihilation and
creation operators,
Oˆλ(~q) ≡
[
aˆλ(~q) + aˆ
†
λ(−~q)
]
, (B.4)
and for the products involving helicity vectors:
λ
[
~k,~k − ~p, ~p
]
≡ λi (~k)∗ −i (~k − ~p) λj (~k)∗ −j (~p). (B.5)
As we are interested in the phenomenology of tensor modes on super-horizon scales, −kτ  1,
we can approximate the Green’s function in (B.2) as
Gk
(
τ, τ ′
) ' Θ (τ − τ ′)√pi
2
√
ττ ′
(−kτ)3/2J3/2(−kτ
′) =
Θ (τ − τ ′)
k3ττ ′
[
kτ ′ cos
(
kτ ′
)− sin (kτ ′)] , −kτ  1.
(B.6)
Combining (B.2) with (B.3) and noting the approximation (B.6), we obtain
hˆ
(s)
λ (0, k) '
√
2
k7
(
H
Mpl
)2 ∫ d3p
(2pi)3/2
λ
[
~k,~k − ~p, ~p
]
p1/4 |~k − ~p|1/4N
(
ξ∗,−|~k − ~p|τ∗, δ
)
N
(
ξ∗,−|~p|τ∗, δ
)
× I
[
ξ∗, x∗, δ,
|~k − ~p|
k
,
p
k
]
Oˆ−(~k − ~p) Oˆ−(~p), (B.7)
where we defined
I
[
ξ∗, x∗, δ, p˜, q˜
]
≡ I1
[
ξ∗, x∗, δ,
√
p˜+
√
q˜
]
+
√
p˜q˜
2
I2
[
ξ∗, x∗, δ,
√
p˜+
√
q˜
]
(B.8)
with I1 and I2 representing the time integral of the gauge field sources. They are defined as
I1
[
ξ∗, x∗, δ, Q
]
≡
∫ ∞
0
dx′
(
x′ cosx′ − sinx′)√ξ (x′)
x′
exp
[
−2
√
2ξ∗
δ
x′1/2
| ln(x′/x∗) |Q
]
(B.9)
I2
[
ξ∗, x∗, δ, Q
]
≡
∫ ∞
0
dx′
(
x′ cosx′ − sinx′)√ x′
ξ (x′)
exp
[
−2
√
2ξ∗
δ
x′1/2
| ln(x′/x∗) |Q
]
, (B.10)
where we switched to variables x′ = −kτ ′ and x∗ = −kτ∗ denotes the ratio of the physical
momentum to the horizon side at the time when ξ reaches its peak value ξ∗ = αcδ (See e.g. eq.
(A.10)). We now use (B.7) to compute the sourced tensor power spectrum.
Tensor Power Spectrum. For each polarization, we define the total power spectrum as
k3
2pi2
〈
hˆλ(0,~k)hˆλ′(0,~k
′)
〉
≡ δλλ′ δ
(
~k + ~k′
)
Pλ(k). (B.11)
Since the vacuum and the sourced mode are statistically uncorrelated, we separate the total
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power spectrum as Pλ(k) = P(v)λ (k) + P(s)λ (k) where P(v)λ (k) = H2/pi2M2pl using (3.19). For the
sourced power spectrum, we use (B.7) in (B.11) to obtain
P(s)λ (k) '
H4
8pi2M4plk
4
∫
d3p
(2pi)3
(1− λkˆ · pˆ)2
(
1− λkˆ ·
~k − ~p
|~k − ~p|
)2√
p|~k − ~p|
×N2
(
ξ∗, |~k − ~p|τ∗, δ
)
N2
(
ξ∗, |~p|τ∗, δ
)
I2
[
ξ∗, x∗, δ,
p
k
,
|~k − ~p|
k
]
, (B.12)
where we have used the Wick’s theorem to evaluate the correlators of the operators Oˆ− and used
the following identity∫
dφ λ(~k, ~p, ~q) 
∗
λ′(
~k, ~p, ~q) =
δλλ′
16
∫
dφ (1− λkˆ · pˆ)2(1− λkˆ · qˆ)2. (B.13)
To evaluate the integral over momentum in (B.12), we define p˜ = p/k and denote the cosine angle
between kˆ and pˆ as η. In this way, we arrive at the final expression
P(s)λ (k) '
H4
64pi2M4pl
f2,λ(ξ∗, x∗, δ), (B.14)
where
f2,λ(ξ∗, x∗, δ) = 2
∫ ∞
0
dp˜
∫ 1
−1
dη
p˜5/2(1− λη)2
[√
1− 2p˜η + p˜2 − λ(1− p˜η)
]2
(1− 2p˜η + p˜2)3/4
×N2
(
ξ∗,
√
1− 2p˜η + p˜2x∗, δ
)
N2
(
ξ∗, p˜x∗, δ
)
I2
[
ξ∗, x∗, δ, p˜,
√
1− 2p˜η + p˜2
]
.
(B.15)
For numerical integration, we may alternatively switch to new variables x = p˜ + |~k − ~p|/k,
y = p˜− |~k − ~p|/k. In this case, f2,λ takes the form
f2,λ(ξ∗, x∗, δ) =
1
4
∫ ∞
1
dx
∫ 1
0
dy
(1− y2)2 (1− λx)4√
x2 − y2 N
2
(
ξ∗,
x− y
2
x∗, δ
)
N2
(
ξ∗,
x+ y
2
x∗, δ
)
× I2
[
ξ∗, x∗, δ,
x+ y
2
,
x− y
2
]
. (B.16)
In the presence of significant gauge field amplification, all the phenomenological features of
tensor power spectrum in our model can be captured by the function f2,λ in (B.15)
15 which
15This expression corrects a typo that appear in the eq. (D.15) of [65] where the factor of λ inside the square
brackets mistakenly appears in front of the square root term.
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can be evaluated numerically armed with the fitting functions we obtain for the normalization of
the gauge field mode function at late times, i.e. N(ξ∗, x∗, δ). As the spectator field σ rolls down
the cliffs in its bumpy potential, only A− modes exhibit tachyonic instability and therefore only
negative helicity of tensor modes will be sourced efficiently, implying the hierarchy f2,−  f2,+.
For each polarization, we note the total tensor power spectrum as
Pλ(k) = H
2
pi2M2pl
[
1 +
H2
64pi2M2pl
f2,λ (ξ∗, x∗, δ)
]
. (B.17)
Tensor Bispectrum. We define the tensor bispectrum as〈
hˆλ1
(
0,~k1
)
hˆλ2
(
0,~k2
)
hˆλ3
(
0,~k3
)〉
≡ Bλ1λ2λ3 (k1, k2, k3) δ
(
~k1 + ~k2 + ~k3
)
, (B.18)
where Bλ1λ2λ3 is real and due to isotropy of the background only depends on the magnitude of
the three external momenta, satisfying ~k1 + ~k2 + ~k3 = 0 as implied by the delta distribution in
(B.18). As for all other correlators we consider in this work, tensor bispectrum takes contributions
from the vacuum fluctuations of the metric and the sourced contributions due to enhanced gauge
fields. In the presence of particle production in the gauge field sector, the latter gives the dominant
contribution and hence, we will ignore vacuum fluctuations. More importantly, since only one
polarization state of the gauge field is amplified, produced particles can efficiently source only one
of the helicity state of tensor fluctuations. Keeping these in mind, in the following, we therefore
focus on Bλλλ ' B(s)λλλ. Using (B.7), 3-pt correlator of hˆ(s)λ is given by〈
hˆ
(s)
λ
(
0,~k1
)
hˆ
(s)
λ
(
0,~k2
)
hˆ
(s)
λ
(
0,~k3
)〉′ ' ( H
Mpl
)6 29/2
(k1k2k3)
7/2
∫
d3p
(2pi)9/2
√
p
∣∣∣~p+ ~k1∣∣∣ ∣∣∣~p− ~k3∣∣∣
× λλλ
[
~k1,~k2,~k3, ~p
]
N2 (ξ∗,−pτ∗, δ)N2
(
ξ∗,−|~p+ ~k1|τ∗, δ
)
N2
(
ξ∗,−|~p− ~k3|τ∗, δ
)
× I
ξ∗,−k1τ∗, δ, p
k1
,
∣∣∣~p+ ~k1∣∣∣
k1
 I
ξ∗,−k2τ∗, δ,
∣∣∣~p+ ~k1∣∣∣
k2
,
∣∣∣~p− ~k3∣∣∣
k2
 I
ξ∗,−k3τ∗, δ,
∣∣∣~p− ~k3∣∣∣
k3
,
p
k3
 ,
where prime denotes correlator without δ(~k1 +~k2 +~k3) and the polarization products are defined
as
λλλ
[
~k1,~k2,~k3, ~p
]
≡ λ
[
~k1,−~p, ~p+ ~k1
]
λ
[
~k2,−~p− ~k1, ~p− ~k3
]
λ
[
~k3,−~p+ ~k3, ~p
]
, (B.19)
where λ is defined in (B.5). Noting (4.2), we set k1 = k and define dimensionless variables
kx2 = k2, kx3 = k3, k~˜p = ~p (B.20)
to obtain
B(s)λλλ '
[
φP(v)R
]3
k21k
2
2k
2
3
f3,λ (ξ∗, x∗, δ, x2, x3) , (B.21)
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where we defined
f3,λ (ξ∗, x∗, δ, x2, x3) =
227/2pi6
(x2x3)3/2
∫
d3p˜
(2pi)9/2
√
p˜
∣∣∣~˜p+ kˆ1∣∣∣ ∣∣∣~˜p− x3kˆ3∣∣∣λλλ [~k1,~k2,~k3, ~˜p]N2 (ξ∗, p˜x∗, δ)
×N2
(
ξ∗, |~˜p+ kˆ1|x∗, δ
)
N2
(
ξ∗, |~˜p− kˆ3|x∗, δ
)
I
[
ξ∗, x∗, δ, p˜,
∣∣∣~˜p+ kˆ1∣∣∣]
× I
ξ∗, x2x∗, δ,
∣∣∣~˜p+ kˆ1∣∣∣
x2
,
∣∣∣~˜p− kˆ3∣∣∣
x2
 I
ξ∗, x3x∗, δ,
∣∣∣~˜p− kˆ3∣∣∣
x3
,
p˜
x3
 . (B.22)
In terms of the polarization vectors (B.5) the product λλλ is given by
λλλ
[
~k1,~k2,~k3, ~˜p
]
= λi (kˆ1)
∗λj (kˆ1)
∗ −j (~˜p+ kˆ1) 
−
k (
~˜p+ kˆ1)
∗ λk(kˆ2)
∗ λl (kˆ2)
∗
× −l (~˜p− x3kˆ3) −m(~˜p− x3kˆ3)∗ λm(kˆ3)∗ λn(kˆ3)∗ −n (~˜p) −i (~˜p)∗, (B.23)
where we used the fact that λ(~a/b) = λ(~a) (See e.g. (B.25)). In order to evaluate momentum
integrals in (B.23), we align ~k1 along the z axis and write ~k2 and ~k3 in terms of x2 and x3,
~k1 = k (0, 0, 1) (B.24)
~k2 = k x2
(√− (1− x2 + x3) (1 + x2 − x3) (1− x2 − x3) (1 + x2 + x3)
2x2
, 0,
−1− x22 + x23
2x2
)
~k3 = k x3
(
−
√− (1− x2 + x3) (1 + x2 − x3) (1− x2 − x3) (1 + x2 + x3)
2x3
, 0,
−1 + x22 − x23
2x3
)
.
and define the polarization vector for a given momentum ~q in terms of its components as
λ(~q) =
1√
2
−
√
q2y + q
2
z
|~q| ,
qxqy − iλqz|~q|
|~q|
√
q2y + q
2
z
,
qxqz + iλqy|~q|
|~q|
√
q2y + q
2
z
 . (B.25)
One can immediately check that the definition in (B.25) satisfies the desired relations listed below
the eq. (2.7) for the vectors k1, k2 and k3 in (B.24). Using these explicit expressions, we can
evaluate (B.23) numerically for a given set of parameters. In our conventions, only negative
helicity mode of the gauge field will be amplified, resulting with an enhanced hˆ
(s)
− . This in
turn implies f3,−  f3,+. In the model under consideration, only gauge field modes that are
approximately the size of the horizon are significantly amplified and therefore we expect the
bispectrum to be maximal at the equilateral configuration, x2 = x3 = 1
16.
C Sourced Scalar Fluctuations
In this appendix we present the derivation of the scalar 2-pt and 3-pt correlators in our model. The
momentum dependence of resulting correlators is described by the fitting functions we provide
16See e.g. the discussion in Appendix E of [65] where a model that shares very similar features is considered.
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in Section 4. We start from (3.13) and seperate the canonical mode into its vacuum and sourced
contribution, then using the solution (3.15) for the sourced canonical mode, the sourced curvature
perturbation is given by
Rˆ(s)(τ,~k) ' 3
√
2Hτ
Mpl
∫
dτ ′Gk
(
τ, τ ′
) √σ (τ ′)
τ ′2
∫
dτ ′′Gk
(
τ ′, τ ′′
)
Jˆσ
(
τ ′′,~k
)
(C.1)
where the source is defined as in the right hand side of (3.12). Using the definitions (2.16), it is
given by
Jˆσ(τ
′′,~k) =
αc
4fa(τ ′′)
∫
d3p
(2pi)3/2
−i (~k − ~p)−i (~p) p1/4 |~k − ~p|1/4
(
p1/2 + |~k − ~p|1/2
)
× A˜(τ ′′, |~k − ~p|) A˜(τ ′′, p) Oˆ−(~k − ~p) Oˆ−(~p), (C.2)
where we symmetrized the integrand with respect to p and |~k−~p| and O− is defined as in (B.4). As
we are interested in the correlators of R on super-horizon scales, we employ the approximation
(B.6) in (C.1) for Gk(τ, τ
′) while the same approximation does not hold for Gk(τ ′, τ ′′). We
therefore have
Rˆ(s)(τ,~k) ' 3pi
3/2H
2Mpl k3/2
∫ τ
−∞
dτ ′
τ ′
J3/2
(−kτ ′)√σ (τ ′) ∫ τ ′
−∞
dτ ′′
√−τ ′′ Jˆσ
(
τ ′′,~k
)
(C.3)
× [J3/2 (−kτ ′)Y3/2 (−kτ ′′)− Y3/2 (−kτ ′) J3/2 (−kτ ′′)] .
Noting
A˜(τ ′′, p)A˜(τ ′′, |~k − ~p|) = N (ξ∗,−pτ∗, δ)N
(
ξ∗,−|~k − ~p|τ∗, δ
)
exp
−2
√
2ξ
(√−pτ ′′ +√−|~k − ~p|τ ′′)
δ| ln(τ ′′/τ)|
 ,
(C.4)
inside the expression (C.2) for source Jˆσ, we plug Jˆσ in (C.3) to obtain
Rˆ(s)(0,~k) =
(
H
Mpl
)2 3√2pi3ξ∗
8k4
∫
d3p
(2pi)3/2
−i (~k − ~p)−i (~p) p1/4 |~k − ~p|1/4
(
p1/2 + |~k − ~p|1/2
)
×N
(
ξ∗,−|~k − ~p|τ∗, δ
)
N
(
ξ∗,−pτ∗, δ
)
Oˆ−(~k − ~p) Oˆ−(~p)
× IR
[
ξ∗, x∗, δ,
√
|~k − ~p|
k
+
√
p
k
]
, (C.5)
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where we have used αc
√
σ,∗/f =
√
2 ξ∗/Mpl and we have defined the time integral of the sources
as
IR
[
ξ∗, x∗, δ, Q
]
≡
∫ ∞
0
dx′
x′
J3/2
(
x′
)√σ (x′)
σ,∗
∫ ∞
x′
dx′′x′′3/2 exp
[
−2
√
2ξ∗
δ
x′′1/2
| ln(x′′/x∗) |Q
]
× [J3/2 (x′)Y3/2 (x′′)− Y3/2 (x′) J3/2 (x′′)] , (C.6)
by sending the lower limit of the integral −kτ → 0. Using the definition in (A.10), we note√
σ (x′)
σ,∗
=
1
1 + ln [(x∗/x′)δ]
2 . (C.7)
Using (C.5), we not turn to the calculation of scalar power spectrum and bispectrum.
C.1 Power Spectrum
We define the total scalar power spectrum as
k3
2pi2
〈
Rˆ(0,~k)Rˆ(0,~k′)
〉
≡ δ
(
~k + ~k′
)
PR(k), (C.8)
where the total scalar power spectrum should be seperated as PR(k) = P(v)R (k) +P(s)R (k) similar
to the case with tensors. At leading order in slow-roll, using (3.14), the vacuum contribution is
given in eq. (4.2). On the other hand, taking the 2-pt correlator of (C.5) and using the Wick’s
theorem for the operators Oˆ−, the sourced power spectrum can be extracted from the definition
(C.8) as
P(s)R (k) =
[
φP(v)R
]2 9pi5ξ2∗
2k5
∫
d3p
(2pi)3
(
1− ~p. (
~k − ~p)
p |~k − ~p|
)2
p1/2 |~k − ~p|1/2
(
p1/2 + |~k − ~p|1/2
)2
×N2
(
ξ∗,−|~k − ~p|τ∗, δ
)
N2
(
ξ∗,−pτ∗, δ
)
I2R
[
ξ∗, x∗, δ,
√
|~k − ~p|
k
+
√
p
k
]
,
(C.9)
where we have used (4.2) to express the overall factors that appears in front of the integral in
(C.9) and the identity
∣∣λi (~p)λ′i (~q)∣∣2 = (1− λλ′pˆ.qˆ)2/4 between the polarization vectors. For the
numerical integration of the momentum integral, we switch to dimensionless variable p˜ = p/k
and denote by η the cosine angle between ~p and ~k. This gives
P(s)R =
[
φP(v)R (k)
]2
f2,R(ξ∗, x∗, δ), (C.10)
where
f2,R(ξ∗, x∗, δ) =
9pi3 ξ2∗
8
∫ ∞
0
dp˜
∫ 1
−1
dη p˜5/2 (1− 2p˜η + p˜2)1/4
[
p˜1/2 + (1− 2p˜η + p˜2)1/4
]2
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×
[
1 +
p˜− η
(1− 2p˜η + p˜2)1/2
]2
N2
(
ξ∗, (1− 2p˜η + p˜2)1/2 x∗, δ
)
N2
(
ξ∗, p˜ x∗, δ
)
× I2R
[
ξ∗, x∗, δ, (1− 2p˜η + p˜2)1/4 + p˜1/2
]
. (C.11)
We may alternatively use the variables x = p˜+ |~k− ~p|/k, y = p˜− |~k− ~p|/k for the integrals over
momenta and cosine angle. In this case, f2,R takes the form
f2,R(ξ∗, x∗, δ) =
9pi3 ξ2∗
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∫ ∞
1
dx
∫ 1
0
dy
(
√
x+ y +
√
x− y)2 (1− x2)2√
x+ y
√
x− y
×N2
(
ξ∗,
x− y
2
x∗, δ
)
N2
(
ξ∗,
x+ y
2
x∗, δ
)
I2R
[
ξ∗, x∗, δ,
√
x− y +√x+ y√
2
]
.
From (C.10), the total power spectrum of the comoving curvature perturbation is thus given by
PR = P(v)R
[
1 + 2φ P(v)R f2,R(ξ∗, x∗, δ)
]
, (C.12)
where the vacuum contribution is given by eq. (4.2).
C.2 Bispectrum
We define the bispectrum of comoving curvature perturbation as〈
Rˆ
(
0,~k1
)
Rˆ
(
0,~k2
)
Rˆ
(
0,~k3
)〉
≡ BR (k1, k2, k3) δ
(
~k1 + ~k2 + ~k3
)
. (C.13)
As in the case of 2-pt correlators, bispectrum consist of the vacuum and sourced part. In the
presence of gauge field amplification, vacuum part is negligible (i.e. slow-roll suppressed) and
therefore we can mainly focus on the sourced contribution. Taking the 3-pt function of R(s) in
(C.5), we obtain
〈
Rˆ(s)
(
0,~k1
)
Rˆ(s)
(
0,~k2
)
Rˆ(s)
(
0,~k3
)〉
=
(
H
Mpl
)6 27 (2pi3)3/2 ξ3∗
29 k41k
4
2k
4
3
∫
d3p1d
3p2d
3p3
(2pi)9/2
3∏
i=1
−k (~ki − ~pi)−k (~pi)
× (pi |~ki − ~pi|)1/4(p1/2i + |~ki − ~pi|1/2)N
(
ξ∗,−|~ki − ~pi|τ∗, δ
)
N
(
ξ∗,−piτ∗, δ
)
× IR
[
ξ∗,−kiτ∗, δ,
√
|~ki − ~pi|
ki
+
√
pi
ki
]
〈 Oˆ−(~ki − ~pi) Oˆ−(~pi) 〉. (C.14)
Using Wick’s theorem, we evaluate the product of expectation value in (C.14). In this way, we
found
B(s)R (k1, k2, k3) =
(
H
Mpl
)6 27 (2pi3)3/2 ξ3∗
26 k41k
4
2k
4
3
∫
d3p
(2pi)9/2

[
~p, ~p+ ~k1, ~p− ~k3
]√
p
∣∣∣~p+ ~k1∣∣∣ ∣∣∣~p− ~k3∣∣∣
× (√p+
√∣∣∣~p+ ~k1∣∣∣)(√∣∣∣~p+ ~k1∣∣∣+√∣∣∣~p− ~k3∣∣∣)(√∣∣∣~p− ~k3∣∣∣+√p)
×N2 (ξ∗,−pτ∗, δ)N2
(
ξ∗,−|~p+ ~k1|τ∗, δ
)
N2
(
ξ∗,−|~p− ~k3|τ∗, δ
)
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× IR
ξ∗, k1
k∗
, δ,
√
p+
√
|~p+ ~k1|√
k1
 IR
ξ∗, k2k∗ , δ,
√∣∣∣~p+ ~k1∣∣∣+√∣∣∣~p− ~k3∣∣∣
√
k2

× IR
ξ∗, k3k∗ , δ,
√∣∣∣~p− ~k3∣∣∣+√p
√
k3
 , (C.15)
where we defined the product of polarization vectors as
 [~v1, ~v2, ~v3] ≡ −i (~v1)∗ −i (~v2) −j (~v2)∗ −j (~v3) −k (~v3)∗ −k (~v1)
=
1
8
[
vˆ1 · vˆ2 + vˆ2 · vˆ3 + vˆ3 · vˆ1 + (vˆ1 · vˆ2)2 + (vˆ2 · vˆ3)2 + (vˆ3 · vˆ1)2 + (vˆ1 · vˆ2) (vˆ2 · vˆ3)
+ (vˆ2 · vˆ3) (vˆ3 · vˆ1) + (vˆ3 · vˆ1) (vˆ1 · vˆ2)− (vˆ1 · vˆ2) (vˆ2 · vˆ3) (vˆ3 · vˆ1)
]
+
i
8
vˆ1 · (vˆ2 × vˆ3)(1 + vˆ1 · vˆ2 + vˆ2 · vˆ3 + vˆ3 · vˆ1) (C.16)
using the following identity,
±i (~q)
±∗
j (~q) =
1
2
[δij − qˆiqˆj ∓ iijkqˆk] . (C.17)
As the bispectrum is real17, we disregard the imaginary part in (C.16) when computing the scalar
bispectrum. Fixing k1 = k, we define dimensionless variables x2, x3 and ~˜p as
k x2 = k2, k x3 = k3, k ~˜p = ~p. (C.18)
to re-write the scalar bispectrum in terms of ratio of the external momenta x2 ≡ k2/k1 and
x3 ≡ k3/k1 as
B(s)R '
[
φP(v)R
]3
k21k
2
2k
2
3
f3,R (ξ∗, x∗, δ, x2, x3) , (C.19)
where we have used (4.2) and defined
f3,R (ξ∗, x∗, δ, x2, x3) = 29/233pi21/2
ξ3∗
(x2x3)2
∫
d3p˜
(2pi)9/2
Re
[

[
~˜p, ~˜p+ kˆ1, ~˜p− x3kˆ3
]]√
p˜
∣∣∣~˜p+ kˆ1∣∣∣ ∣∣∣~˜p− x3kˆ3∣∣∣
× (
√
p˜+
√∣∣∣~p+ kˆ1∣∣∣)(√∣∣∣~˜p+ kˆ1∣∣∣+√∣∣∣~˜p− x3kˆ3∣∣∣)(√∣∣∣~˜p− x3kˆ3∣∣∣+√p˜)
×N2 (ξ∗, p˜x∗, δ)N2
(
ξ∗,
∣∣∣~˜p+ kˆ1∣∣∣x∗, δ)N2 (ξ∗, ∣∣∣~˜p− x3kˆ3∣∣∣x∗, δ)
17See e.g. the detailed discussion in the Appendix E of [65].
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× IR
[
ξ∗, x∗, δ,
√
p˜+
√∣∣∣~˜p+ kˆ1∣∣∣] IR
ξ∗, x2x∗, δ,
√∣∣∣~˜p+ kˆ1∣∣∣+√∣∣∣~˜p− x3kˆ3∣∣∣
√
x2

× IR
ξ∗, x3x∗, δ,
√∣∣∣~p− x3kˆ3∣∣∣+√p˜
√
x3
 . (C.20)
For the numerical integration over d3p˜, we align ~k1 with the z-axis and express ~k2 and ~k3 in terms
of x2 and x3 as in (B.24). As a result, armed with the normalization factors appearing inside
the integrand in (C.20), one can compute the integral numerically to understand the behavior
of the bispectrum for general ratios of x2 and x3 which correponds to different deformations of
the triangle formed by ~k1, ~k2 and ~k3. Similar to the case with tensor fluctuations, equilateral
configuration x2 = x3 = 1 can be considered as a good measure of scalar non-gaussianity. In this
case, as an alternative to integration variables p˜, η = cos θ and φ, we can use p˜ = (x+ y)/2 and
|~˜p+ kˆ1| = (x− y)/2 to describe the full integrand in (C.20) in terms of x, y and φ by noting
4 |~˜p− kˆ3|2 = 2 + x2 + y2 + 2
√
3(x2 − 1)(1− y2) cos (φ). (C.21)
D Energy density of the gauge field sector and backreaction effects
In this appendix, we provide expressions for the gauge field energy density and the dot product
〈 ~E. ~B〉. These expressions are especially useful in identifying back-reaction effects of the produced
particles on the background evolution. Using the full decomposition of gauge field in (2.7) and
the definitions of “electric” and “magnetic” fields in (2.15), we have
ρA ≡ 1
2
〈 ~E2 + ~B2〉 = 1
4pi2a4
∫
dk k2
∑
λ
{
|A′λ(τ,~k)|2 + k2|Aλ(τ,~k)|2
}
,
' (Hτ)
4
4pi2
∫
dk
{
k2|A′−(τ,~k)|2 + k4|A−(τ,~k)|2
}
,
〈 ~E · ~B〉 = − 1
4pi2a4
∫
dk k3
∂
∂τ
{
|A+(τ,~k)|2 − |A−(τ,~k)|2
}
,
' (Hτ)
4
4pi2
∫
dk k3
∂
∂τ
|A−(τ,~k)|2 (D.1)
where to obtain the expression in third line, we have used the Wronskian condition,
AλA
′∗
λ −A∗λA
′
λ = i. (D.2)
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Figure 9. The total energy density contained in the gauge field sector ρA for δ = 0.3 in units of the
quantity φρφ as a function of y = τ/τ∗ and for different values of ξ∗. The locations where the energy
density reaches its maximum value are shown by colored points.
Switching to x = −kτ and defining the dimensionless mode functions via √2kA−(τ, k) = A˜−(x),
per logarithmic wave number we have derived the following dimensionless expressions
d
(
ρk,A/H
4
)
d ln k
=
x4
8pi2
∣∣∣∣∣dA˜−dx
∣∣∣∣∣
2
+ |A˜−|2
 , d
(
〈 ~E · ~B〉/H4
)
d ln k
=
x4
8pi2
d
dx
|A˜−|2. (D.3)
Using the gauge field amplitudes (A.21) and (A.22), we will use the following expression as a
measure of the energy density contained in the gauge field sector
ρA
φρφ
=
P(v)R y7/2N c 2
√
2ξ(y)
3
∫ ∞
0
dx∗ x
5/2
∗ exp
[
−4
√
2ξ∗y x
1/2
∗
δ| ln(y)| −
ln(x∗/qc)
σ2
](
1 +
x∗ y
2ξ(y)
)
,
(D.4)
where we have defined y ≡ τ/τ∗ and used ρφ ' 3H2M2pl together with (4.2) to eliminate H
factors. Plugging (A.10) into (D.4) (and noting αcδ ≡ ξ∗), we present our results for different
values of ξ∗ as a function of y in Figure 9.
We see that the energy density in the gauge fields reaches a maximum around y = O(0.01)
and quickly decays away by the expansion of the universe as τ/τ∗ → 0. At its maximum value, we
studied ξ∗ dependence of ρA/φρφ and found that it can be described very well by the following
expression,
ρA,∗
φρφ
≈ 3.4× 10−13 e1.54piξ∗ , δ = 0.3. (D.5)
Notice that (D.5) and (4.9) nearly have the same ξ∗ dependence. This is expected as the main
source of GWs emission is the energy density contained in the gauge field sector ρA.
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D.1 Backreaction constraints on model building
As we proved by the expression in (4.9), it is possible to obtain an observable GW signal from
secondary sources (amplified gauge fields) for an arbitrarily small energy scale of inflation (Hinf)
provided that ξ∗ is sufficiently large. In this subsection, we will investigate restrictions on the
level of this signal from back-reaction of the produced gauge quanta on the background dynamics
of σ and φ. Our analysis will be based on a single particle production site and hence can be
applied to scenarios where σ traverses multiple sites (i.e. cliff like regions in its potential Figure
1).
First and foremost, due to its spectator nature, we need to make sure that σ contributes negli-
gible amount to the energy budget of the universe during inflation. To quantify this condition, we
first note the maximum value acquired by the slow-roll parameter σ,∗ = 2δ2(f/Mpl)2, i.e. when
σ˙ reaches its maximum value σ˙∗ as it rolls down the cliff like regions in its potential. Using (A.6),
we see that at the time when σ˙ is maximal,
V∗(σ) ' 3H2M2pl
σ,∗
δ
f(n)
2
,
σ˙2∗
2
= 3H2M2pl
σ,∗
3
, (D.6)
where f(n) = 1+(n+1/2)pi for n = 0, 1, 2 . . . . In deriving the first equation in (D.6), we worked
in the β = Λ4/µf → 1 limit and used the fact that V (σ) ' µσ + (1 − cos(σ/f)) for large σ/f
in (1.3). Since we are interested in δ < 1, comparing the two expressions in (D.6), we see that
potential energy of σ always dominates and the condition that σ contributes negligibly to the
energy density in the universe translates to
ρσ  3H2M2pl −→ σ,∗ 
2δ
f(n)
. (D.7)
Therefore, this condition imposes an upper limit depending on n and hence initial conditions of
σ. Considering a scenarios where field excursions as large as σ/f ' O(10) we have f(n) ' O(10)
and σ,∗  10−2 for δ = 0.3. On the other hand, for scenarios where σ traverses fever cliffs,
n ' O(1), implying σ,∗  0.1 for δ = 0.3. On the other hand such large values of σ,∗ can in
principle effect the spectral tilt ns of the scalar perturbations. For example, in the multi-field
setup we are considering, spectral tilt is given by
ns − 1 ' 2ηφ − 6φ − 4σ. (D.8)
As the observations imply |ns − 1| ∼ 10−2, we will require σ,∗  10−2 to avoid fine tuning
through accidental cancellations between the terms appearing in (D.8). Therefore, in agreement
with the condition implied by (D.7), we will impose σ,∗  10−2 as a conservative upper bound.
Secondly, we need to make sure that the gauge field amplification does not significantly alter
the motion of σ. Considering the equation of motion of σ: σ¨ + 3Hσ˙ + V ′σ(σ) = αc〈 ~E · ~B〉/f ,
this implies that we need to impose αc〈 ~E · ~B〉/f  3Hσ˙. Notice that | ~E|/| ~B| '
√
ξ/x ∼ ξ (see
e.g. (2.16)), where we have used x ∼ ξ−1 for an optimal estimate on the latter ratio since for
modes that satisfy x  ξ−1 ∼ O(10−1), amplitude of mode functions is suppressed further (see
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eq. (2.13) and Figure 9). Therefore, the second backreaction condition can be re-written as
αc〈 ~E · ~B〉
f
 3Hσ˙ −→ ρA  3 σ˙
2
2
, (D.9)
where we used the fact that ~E fields contribute dominantly to the energy density of the gauge
fields in (D.1). In light of the expression (D.9), at the maximum of gauge field energy density, a
simpler conservative criterion for backreaction is therefore
ρA,∗  σ˙
2∗
2
' σ,∗ ρφ
3
, (D.10)
where we made use of (D.6). Using the result (D.5) we derived earlier, we compile all the
backreaction constraints as
2.4× 10−6√φ e2.42 ξ∗ < f
Mpl
< 0.24. (D.11)
Finally, for sources that peaks at CMB scales, we can use (4.8) to eliminate φ in terms of r∗ to
re-write these limits as
0.0071
( r∗
0.063
)1/4
e−0.0585 ξ∗ <
f
Mpl
< 0.24. (D.12)
We see that in terms of the key physical parameters in our model, there is large region of available
parameter space in which backreaction constraints can be satisfied.
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